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f^IHILnY  OF  INSrocnOK  OP  EUNGICnAL  FINISHES 


CM  texthes  ev  x-ray,  infrared  and  uisrascnic  heiicds 

1.0  IWRODDOlCy  AND  SOWftRY 

Ihe  edn  of  this  Fhase  I  piixjiam  was  to  find  a  way  to  measure  the  amount 
of  fungicide  deposited  cn  an  underlying  base  textile. 

Ihe  main  result  of  the  Ehase  I  program  is  that  a  oonbinaticn  of 
inepecticn  nodes  can  provide  repid  and  unanbiguous  in^iectlcn  of 
large-sczde  producticn  runs  of  fungicide-treated  textiles.  Each  of  the 
separate  inspection  techniques  can  swpply  a  critical  amount  of  infomation, 
tdiich  (under  reasonable  assueptions)  vnuld  yield  adequate  inspection  data, 
implied  together,  these  techniques  Isolate  the  amount  of  fungicide,  the 
penetration  depth,  and  the  presence  of  doped  sanples.  Quantitative 
infonnation  can  be  obtained  on  qpatial  scales  as  fine  as  0.010  inches  (0.25 
na)  if  required.  Ihese  techniques  have  time-scale  reeponses  ranging  fron 
milliseconds  to  seconds  for  on-line  production  inspections.  Ihe  techniques 
will  work  under  modem  textile  run  ^^eeds  of  30-120  yard^/’minute  (0.46  - 
1.8  flv'seoond) .  The  trade-off  for  speed  is  in  a  reduced  spatial  resolution. 

Sanples  of  copper  S-quinolinolate  fungicide  on  10  oz  (283g)  oott'^  duck 
(cellulose)  and  untreated  cotton  duck  were  provided  by  the  Army  technical 
monitor.  Eventually,  confirming  tests  were  run  in  x-ray  fluoresoenoe,  dual 
energy  x-ray,  FUurier  transform  infrared  Gpectronetry  (FTIR) ,  and  in 
ultrasonic  transmission. 


After  detailed  stuc^  of  the  prci^lega,  \Aiich  included  sinulations, 
calculaticns  and  o&ich  library  work,  v«e  decided  on  e}q)eriniental 
verificaticns  for  three  general  afproadiee.  Ihe  first  two  2u?e  based  on 
x-rays,  and  the  third  is  based  on  Fourier  transform  infrared  ^»ctit»cspy. 
Only  after  the  initial  set  of  data  was  obtained  and  analyzed  was  the 
decision  to  utilize  ultrasonics  taken.  Ibe  x-n^  and  FTIR  approaches  were 
utilized  because  they  yielded  direct  quantitative  data  on  the  amount  of 
copper  and  the  organic  oonponent  (i.e.,  the  guinolinolate)  respectively. 

The  ultrasonic  ^^proach  measures  a  materials  property  that  is  an  indicator 
of  degree  of  penetration  of  the  fungicide  into  the  textile.  This  last 
measure  guarantees  that  an  application  vhere  the  manofacturer  has  purposely 
doped  the  fungicide  with  extra  copper  (in  order  to  pass  the  current 
mandated  infection  test)  will  be  discovered. 

The  first  of  the  b«K>  x-ray  approaches  is  a  fluaresoent  x-ray 
determination  using  a  conventional  x^-ray  fluoresoence  arrangement.  The 
secxnl  is  an  adaptation  of  a  dual-energy  x-ray  terhnigue  that  has  recently 
been  iiqplenented  in  a  medical  context.  The  conventional  x^ra^  fluoresoencse 
technigue  is  sensitive  to  the  hic^ier  atomic  nuiber  (Z)  ccnponents  of  the 
test  specimen.  The  dual  energy  technique  is  applicable  ever  a  such  wider 
range  of  materials  and  effective  atomic  rushers,  althoug^i  it  may  be  fooled 
by  hi^hr-Z  oontaninants.  Both  of  these  x-t^  techniques  present  viable 
inspection  means  for  ocpper-a-guinolinolate  on  fabric,  the  first  test  case 
for  the  systai. 

The  FITR  approach  uses  either  diffuse-reflectance  or 
reflectanoe-absorbanoe  techniques  that  are  sensitive  to  the  presence  of  the 
quinolinolate  portion  of  the  oopper-Q-quinolinolate,  rather  than  to  the 
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copper  portion.  Die  advzmtage  in  the  FTIR  approach  is  that  it'  s  easier, 
dtysspex,  and  less  envirornentally  ticublescnie  (from  a  radiation  safety 
perEpective)  to  operate.  Ihe  disadvantzige  is  that  the  method  yields 
informtion  only  on  or  near  the  outside  surface  of  the  materizd,  and  that 
the  area  over  \diich  the  measurement  is  takr^  is  relatively  large,  typically 
30  SDi^,  althouch  this  can  be  reduced,  perhEps  to  a  size  as  much  as  10 
t-iinaa  smaller. 

Oonflrming  esqperiments  were  run  fca:  all  sets  of  approaches,  and  the 
results  were  as  expected.  Ihe  x-ray  experiments  were  sensitive  to  the 
ccpper  portion  of  the  oapper-fi-quinolinolate,  and  to  precisely  the  right 
degree.  The  IR  eiperiments  dictated  searching  for  a  characteristic 
qulnolinolate  line  or  band.  Ihis  was  discovered  at  1573  aii~^.  An 
uneatpected,  but  welcome,  surprise  was  found  in  the  examination  of 
governnent-scpplied  samples  of  oopper-8>quinolinolate  treated  cotton  duck: 
Ihe  characteristic  line  at  wavenmher  1573  was  significantly 
broadaied  over  its  appearance  as  seen  in  a  neat  sample  anedysis.  Ihis 
broadening  prchably  indicates  a  degree  of  cxoss-lihking  to  the  underlying 
textile.  The  IR  experiments  in  transmission  through  the  cdoth  were  not  of 
sufficient  intensity  to  yield  the  total  amount  of  quinolinolate  along  the 
line-of-sight. 

Ihe  ultrasonic  measuraaents  are  through-bod^  transmission  attenuations 
where  the  signal  levels  and  delay  times  were  measured  for  a  variety  of 
different  oopper-e-quinolinolate  kinds  of  plications.  Ihe  results 
consistently  shewed  a  very  snail  statistical  pead  between  menbers  of  the 
same  grot;),  and  a  very  wide  difference  between  marbeis  of  differait  groups, 
the  best  of  all  results.  These  epriments  shewed  that  ultrasonics  would 
be  a  pcwerful  indicator  of  fungicide  psietration  depth. 
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Several  systen  designs  are  pooesented:  x-ray,  FTIR,  and  ultiascriics 


based.  By  itself,  eadi  technology  could  satisfy  al^vsst  all  of  Uie 
in^actiGn  requirements  under  reascnable  assunptions.  In  a  production 
^Bten  meant  to  detect  and  measure  not  only  misfeasance,  taut  clever  and 
technically  astute  malfeasance,  the  ccnbination  of  technologies  is 
virtually  iapoesible  to  defeat.  In  this  latter  scheme,  each  of  these 
8epa2:ate  inspection  technologies  can  be  a  station  along  a  production  line. 
These  system  designs  are  based  on  existing  hardware  ^sterns  available 
ocnmerdally.  The  modifications  that  ve  propose  are  rdnor  relative  to  the 
cost  of  ocmplete  system  develofxnent.  This  approach,  detailed  in  the  thase 
II  program  plan,  %dll  deliver  to  the  gcn/emoent  prototype  systems  fiir 
detection  and  measurement  of  fungicides,  fungicide  distribution,  and 
presence  of  any  ncnocnfoming  copper  (or  similar  element)  in  textiles. 
Theee  techni|i;m3  will  also  prove  useful  in  examination  of  other  ^pes  of 
penetration  processes,  e.g. ,  ccpperHaased  preservatives  in  vood. 


2.0 


DgPECnOW 


<REgjiRagyis 


In  this  section  ve  address  the  ideal  requirements  that  the  fungicide 
inspection  system  ^xxild  fulfill,  and  practical  limitations  on  those 
requirements.  Thus,  a  machine  that  could  in  theory  provide  very  fine 


qmtial  resolution  would  be  inpiractical  in  a  production  environcant  because 


the  reams  of  data  to  be  processed  on  each  bolt  of  material  vould  be 
cwenheljaing.  (Ftx:  instance,  a  bolt  of  cloth  150  feet  (4€Ui)  long  and  10 
feet  (3m)  wide  with  spatial  resolution  elements  0.010  inches  (0.2SniB) 


square  vould  yield  over  two  billion  measurements,  clearly  a  monxnental  date. 


acquisition  and  analysis  effort.) 
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2.1  Variety  of  materials 


Ihe  -variety  of  textiles  and  their  configurations,  e.g.,  waxp,  weave, 
lunlierB  of  lines  per  indi,  etc.  is  large.  For  ary  Inflection  technique  -to 
be  practical  beyond  a  single  fabric  base,  the  range  of  materials  and 
thicknesses  most  be  t^Ooen  Into  aooount.  Ideally,  tdilck  materials,  such  as 
leather,  should  edso  be  ocnsldered. 

2.2  Lew  atcpilc  natber  based  textiles 

All  of  the  textiles  are  based  on  cellulose  or  nylon  or  some  other 
caidxn,  nltrog^,  coygen,  and  tydrogen  based  oenpounds.  Ihe  underlying 
textile  should  contain  no  high-Z  (high  atonic  number)  materials  insofar  as 
oontamination  is  oonoemed.  Ihe  eoqpectad  degree  of  contamination  by  aiy 
high-Z  materials  was  expected  to  be  very  small,  probably  less  than  1  part 
in  10,000,  unless  some  iruuxounted  process  was  at  wemde.  As  is  discussed  in 
the  x-zey  experimental  verification  section,  this  turned  out  ncft  to  be 
true.  Nickel'based  salts  are  used  as  a  dissolving  madium  for  the  copper^ 
8-qiiinolinolate,  a  fact  v4iich  was  uncovered  only  when  the  x-ray  tests 
yielded  disenrepant  figures. 

2.3  Spatial  resolution 

Ihe  f)atial  scale  that  is  preferred  for  these  investigations  is,  ”as 
fine  as  possible".  Ideally,  informaticn  on  a  scale  smaller  than  the 
individual  thread  scale  Ls  desired.  Present  techniques,  however,  are 
limited  to  average  material  properties  over  several  square  inches  of 
sanple.  Previous  micro-techniques  that  have  be&n  tried  include  scanning 
electron  microGoopy  and  coarse  x-ray  fluorescence  measurements.  Ihese, 
however,  were  incredibly  slow,  and  they  involved  significant  destructive 
testing. 
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2.4  Pengtaratlffi  ari  gv^nggs  <?t  tt» 


Infomation  on  the  evemess  of  the  e^licaticn  of  the  fungicide  (zind 
any  other  fini^  coating  tiiat  nay  be  e^plied  sirultaneously)  is  necessary. 
Riovledge  of  the  degree  of  penetration  of  the  fungicide  into  the  threads  is 
also  required. 

2.5  Holes  in  the  tunoicide  erollcaticn 

Ideally,  the  infection  technique  dMuld  be  able  to  find  holes  \here 
there  is  no  fungicide.  Fbngal  ^xsres  with  characteristic  sizes  of  1-2 
nicrons  can  penetrate  through  holes  that  are  larger  than  this  size  and 
begin  the  rotting  process  in  the  textiles. 

2.6  Cheroical  cross-linildnci 

Ihere  nay  be,  at  least  in  sone  fungicides,  chemical  cross-linking  %dth 
the  naterials  in  the  textiles.  Ihis  cross-linking  nay  iihibit  growth  of 
fungi.  Ihe  nain  issue  in  retarding  fungal  growth  is  ^A)eth^  the  inhibitor 
mechanism  is  due  to  the  physical  blocking  of  access  to  the  underlying 
textile  or  to  the  dhanical  cross-linking.  X-ray  techniques  are  not  zdale  to 
discriminate  cross-linking  frcn  mere  ptv/sical  presence.  The  reason  is  that 
edl  x-ray-based  measurement  adhenes  are  sensitive  only  to  the  elemented 
presence.  The  (diange  in  separation  of  the  energy  levels  is  too  email  to  be 
measured  with  current  technology.  The  infrared  results,  however,  yield 
some  evidencse  for  presence  of  cross-linking,  as  discussed  in  Section  5. 

2.7  sanglffi 

The  initial  test  szoqple  is  10  oz.  ooftton  duck,  coated  with  copper 
6-quinollnolate.  According  to  the  specification  for  treating  (O0C-{>-950E} , 
the  percentages  cf  occoer  (not  oopper-8-quinolinolate  ocnpound}  that  is 
within  tolerance  varies  froo  0.18%  to  0.27%,  a  relatively  saall  fraction  by 
most  x-ray  infection  standards. 
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2.8  interfagg 


There  is  no  ^)ecific  requiireroent  on  interfaces,  except  insofar  as  the 
technique  must  ultimately  allow  for  installation  at  the  factory  or  dqnt 
level. 


2.9  Time  for  inspection/inspection  coverage 

Ideally,  the  inspection  could  be  acoccpli^ied  in  real-^ime,  and  the 
in^)ecticn  coverage  VKuld  be  100%.  As  it  turns  out,  for  spatial 
resolutions  ocnpatible  with  individual  thread  isolation,  the  inspection 
times  for  all  technologies  almost  certainly  prohibit  100%  inflection.  Some 
type  of  sanpling  is  necessary.  The  question  is  ^Aiat  type  of  sanpling. 

m  general,  there  are  three  choices:  (1)  Fine  spatial  sanpling  at  a 
very  limited  nunher  of  positions  in  real-time.  (2)  Ooaise  sanpling  (over 
neny  threads)  over  a  very  large  nunher  of  positions  in  real-time.  (3)  Fine 
spatial  sanpling  over  a  very  large  nunher  of  positions  in  ncnreal-time 
(nuch  time  spent  in  data  aoqoisltion) .  SubsequoTt  discussion  with  the 
technical  nonitor  revealed  that  a  oonproiiiise  between  the  first  and  second 
positions  would  be  the  most  {^referable  of  the  approaches  for  production 
machinery,  while  a  more  research-oriented  approach  (e.g. ,  for  eventual 
process  oontrol)  favored  the  third. 


3.0 


:can<KS 


within  the  tot2d  electrcmagnetic  f}ec±nm,  photcns  in  two  wavelength 


bands  make  good  sense  as  inspection  probes  for  the  base  textile  material 
and  the  oopper-8-cfunolinolate  fungicide.  These  are  the  soft  x-ray  band, 
extending  fbcin  5-50  keV  or  so,  and  the  mid-infirared  to  far-infrared  band, 
50-5000  aa“^. 
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Ihe  se-Riy  band  provides  good  paxbabillty  for  excitation  and 


fluoresoenos  of  the  K-alpha  lines  of  copper  in  the  oopper^S-giiinolinolate. 
As  the  tine  of  originzd  submission  of  the  proposal,  our  understanding  of 
the  problen  ms  that  the  material  to  be  anedyzed  was  a  low-Z  base  textile 
coated  with  a  thin  layer  of  the  fungicide.  This  model  was  wrong,  as  the 
first  meeting  wi^  the  technical  monitor  showed,  and  various  oonfiguzations 
for  making  workable  the  originally  proposed  fluorescence-based  detection 
were  tried. 

This  original  scheme,  ^vown  in  Figure  1,  utilized  a  radioactive  source, 
and  featured  pulse  height  discrimination  of  a  fast  single-photon  x-ray 
detector.  Unfortunately,  the  count  rates  in  x-ray  fluorescence  mrs  sisply 
too  low  to  acoonoodate  a  radioactive  source,  no  matt^  what  kinds  of 
filters  or  nultiple  source  and  detector  ocnbinations  were  used.  Data 
aogjdsitlcn  times  as  calculated  for  a  single  ccpper-8-guinolinolate 
measureotsnt,  vMch  was  averaged  ever  a  6  sn  diamster  circle,  were  at  least 
several  miiutes  for  the  most  favorable  of  configurations.  This  fact  led  to 
inordinately  long  data  acquisition  times  for  even  the  sparsest  of  szopling 
approaches. 

Replacing  the  radioactive  source  with  an  x-ray  generator  provided 
significantly  better  results,  and  these  are  disawsnd  below.  However,  the 
fluorescence  technique  has  some  definite  drawbaeJes,  which  are  also 
discussed  below. 

Dual  x-ray  energy  techniques  were  approached,  and  nunber  of  diff»:ent 
exptfiments  oonducted.  This  approach  provides  more  satisfactory  results, 
again,  with  sane  drawbacks. 

Finally,  investigations  of  inspection  possibilities  in  the  infrared 
were  initiated  as  an  alternative  to  the  x-ray  methods.  Infrared  approaches 
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PULSE  HEIGHT 
SPECTRUM  OF  OUTPUT 


Figure  1.  Original  ocxaept  for  tuned  x-ray  analysis  of  a  thin 
fungicide  coating. 
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differ  from  the  x-ray  approaches  in  that  the  sensitivity  is  to  the  organic 
nolecule  part  of  the  ocnpound,  rather  than  to  the  heavy  eleoent  part,  as 
the  x^ray  techniques  are. 

Diis  section  of  the  report  chrcnicles  these  pre-eoperisient  calculations 
and  anedyses. 

3.1  Mndfti  far  i-«ttiie  and  ftmoiclde 

Our  initial  model  for  the  fungicide  application  to  the  textile  was  as  a 
coating  on  a  relatively  ixpezvious  substrate.  We  quickly  disoarded  this 
model  and  adapted  one  of  a  series  of  threads  into  which  the 
oappei>B-quinolinolate  solution  was  abscrfaed,  a  penetrating  fungicide 
model. 

If  the  fungicide  were  relatively  isiifoRBly  absorbed  throu^^Kut  the 
fabric,  ti)en  the  fungicide  fraction  of  the  whole  (i.e.,  teoctile  base 
fungicide  penetrant)  would  be  constant,  no  matter  what  method  of  analysis 
was  tried.  If,  on  the  other  hand,  the  fungicide  was  not  ixiiformly 
distributed,  but  rather  stuck  closer  to  the  surface  of  the  fabric,  then  the 
occbination  of  thzoughr^xsdy  (i.e.,  trananission)  measurements  and  surfaoe- 
and  naaz^’surfaoe-ffleasuraoents  together  would  yield  a  quantitative  index  of 
how  far  the  fungicide  had  penetrated. 

We  have  dwsen  this  type  of  model  and  approadi  because  any  further 
localization  of  fungicide  oonoentratlon  within  the  bod^  of  the  textile  (and 
hence,  within  individual  threads)  requires  localization  of  entering  and 
exit  beams  of  radiation  to  minuscule  scale,  ttiile  this  is  theoretically 
possible  (and  to  a  certain  extent  useful  via  ocaputed  reoonstructions, 
e.g.,  mierolaniixagraphy  approach  by  ARAOdt  of  Sunnyvale,  California)  data 
acquisition  times,  intrinsic  variations  of  the  textile,  and  the  need  for 
precise  mechanical  fixturing  and  positioning  make  this  choice  less  than 


10 


desirali^e.  Developnent  of  such  a  machine  is  curzently  being  underta]oen  by 
ARACCR  at  a  cost  of  of  $1.5  niUicn;  data  aoguisition  cn  a  single 

square  saiqple  15  cm  on  a  side  is  eoqpected  to  take  tens  of  minutes. 

3.2  X-rav  scattering  solutions 

The  basic  ajpcoach  is  to  utilize  a  needleHseam  of  radiation  that 
iapinges  on  the  treated  fabric  as  diown  in  Figure  2.  The  x-ray  beam  then 
interacts  with  the  elements  in  the  treated  fabric.  The  two  main 
interaction  processes  are  scatter  and  photoelectric  interactions.  It  is 
the  resulting  outoone  of  the  photoelectric  process  that  we  seek  to  exploit. 

The  photoelectric  interactions  can  produoe  fluorescence  radiation  as 
one  of  the  products.  This  fluorescence  radiation  is  characteristic  K-line 
radiation  of  the  element  involved.  Thus,  the  characteristic  K-line  of 
copper  at  8  keV  is  a  good  signature  for  the  presence  of  the 
ocpper-B-quinolinolate  as  long  as  two  conditions  are  fulfilled.  First, 
there  oust  not  be  significant  abGor}pticn  of  the  entrance  or  exit  beam,  and 
second,  that  the  x-ray  detection  system  be  able  to  resolve  the  copper 
K-line  energy  from  other  extraneous  signals. 

The  sanples  of  cotton  duck  presided  by  the  Amy  were  sufficiently 
transparent  to  the  x-rays  so  that  the  first  condition  of  little  absorption 
vras  fulfilled.  The  second  condition  of  not  confusing  the  copper  K-line 
with  other  signals  can  be  attained  for  detectors  that  have  only  moderate 
energy  resolution,  as  long  as  there  are  no  other  elements  with  atomic 
numbers  near  copper.  (This  latter  condition,  however,  turned  out  not  be 
true.  An  x-ray  fluoresoenoe  analysis  at  very  high  energy  resolution 
revealed  the  presence  of  not  on}.y  copper,  but  nickel  and  manganese  at 
concentrations  sufficiently  hi^  so  as  to  swanp  or  spoil  the  signal 
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X-AAY  SOURCE 


^P«!iien.  ^ihis  i»  defined  to  JfT"  *"'«>«  test 

•f«  D,  *  dletancB  d,  tta  tte  *  a«t«*or  of 

and  aaitted  radiatlS.  ^wciaen,  oollects  the  acatterad 
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provided  by  the  copper  in  a  detector  of  coarser  energy  resclution.  The 
presence  of  the  nidosl  and  manganese  was  not  discovered  until  after  all 
other  x-ray  neasuranents  were  made  and  analyzed.  These  high-resolution 
measurements  were  made  to  verify  the  results  obtained  under  the  coarser 
resolution  oonditicns;  they  will  be  disaisfyd  in  mere  detail  later. 

3.2.1  Scattering  interaction  mechanism 

The  scattering  interaction  is  shown  in  Figure  3.  An  incxmdng  beam  of 
x-rays  is  shown  iapinging  on  the  test  specimen.  Noninteracting  x-ray 
photons  siaply  pass  throuc^  the  sample.  Interacting  photons  do  so  in  one 
of  two  major  ways:  The  photoelectric  effect  (as  described  above)  or  by 
doopton  scattering. 

The  photoelectric  effect  psrooess  involves  interaction  of  the  x-ray  with 
the  atom  as  a  vhole.  The  photoelectric  effect  is  applicable  only  to  the 
absorption  of  the  inocning  x-ray  beam.  The  piarticular  class  of  atomic 
rearrangement  to  be  exploited  is  the  rearrangement  and  emission  of 
characteristic  X-alpha  radiation  from  the  copper. 

The  prcx3ess  consists  of:  the  absorption  of  the  interacting  x-ray,  the 
ejection  of  a  K-shell  electron  from  the  atom,  rearrangement  of  the  atom  by 
the  simltaneous  drop  of  an  L-shell  electron  to  the  K-shell  and  the 
emission  of  an  x-ray  photon  vith  a  definite  energy  (oenre^xnding  to  the 
difference  betweoi  the  K-  and  L-ehell  energy  levels) ,  and  similar  M-  to 
Lrshell  drops,  etc. 

The  emission  of  the  characteristic  X-line  radiation  is  isotropic. 

Thus,  a  detector  whose  field-of-vieu  enoonpasses  the  ispinging  x-ray  needle 
beam  on  the  test  ^lecimen  but  is  not  in  line  with  the  beam  will  see  a 
fraction  of  this  flxx>resoent  copper  X-line  radiation.  As  long  as  oopper- 
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I  «  \Qi^iilQ){Q  t)  Vo  INTERACTION  VOLUME 

Q  «  Di^NSITY  OF  TEST  SPECIMEN 


Figure  3.  Interaction  diagram  for  acattexad  and  fluoi.'asoed  X‘xa;y8. 
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is  the  only  hi^  atomic  nunber  elonent  present,  oopp^  K  is  the  only  x-ray 
fluoresoenoe  signal  in  the  x-rays  that  emanate  frcm  the  test  spacijnen. 

The  second  ocnfnnent  of  x-rays  frcm  the  illuminated  region  of  the  test 
specimen  is  Ccepton-scattered  x^ys.  At  low  x-ray  energies,  i.e.,  those 
below  20  loeV,  the  probability  for  Oon|>tcn  interaction  in  this  test  specimen 
is  quite  low.  Vtille  the  probability  for  Oon|>ton  interaction  grows  with 
inczeasing  incident  x-ray  energy,  the  only  oocpcnent  that  truly  natters  is 
that  whioh  is  in  the  detector's  effective  energy  resolution  band  oovering 
the  8  keV  copper  K-line.  Diis  is  the  reason  for  a  certain  amount  of 
spectral  resolution  in  the  detector.  With  this  q}ectral  discrimination, 
permissible  voltages  for  the  x-ray  source  are  substantially  hitter  than 
those  required  for  a  sirple  broadband  detector  with  no  energy 
discrimination. 

Ideally,  there  would  be  a  substantial  flxsc  Attn  the  K-line  that  could 
be  utilized  in  a  “current-moda"  detector  —  one  that  would  not  have  to  sort 
through  individual  photons.  This  node  would  allow  substantially  greater 
signal  throughput,  if  the  flux  were  present.  The  next  section  presents 
some  of  the  results  of  these  calculations,  and  points  the  way  for  system 
design,  including  the  choice  of  detector* 

3.2.2  fetunatlm  thg  flw 

The  aim  of  the  estimate  is  to  establish  the  relationship  between  sanple 
size,  the  x-ray  generator  characteristics,  the  detector  characteristics, 
the  overall  configuration,  the  sensitivity,  and  the  time  required  to 
measure  the  amount  of  copper  present. 
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The  equaticn  lodes  IDce  this: 


M=(- 


l.lvio'^Z  V‘I 


Dc 
df  47^ 


(eq.  3. 2. 2-1) 


where 

z  «  atonic  runber  of  x^y  anode  Material 
V  *  anode  voltage 
I  «  anode  current 

E  -  effective  energy  of  the  x-ray  entrance  beam 
A  >  area  of  sanple  size  on  test  £>pecijaen 

«  distance  between  anode  and  saspled  region  on  test  specimen 
D  *  area  of  detectenr 
e  «  efficiency  of  detector 

d2  «  distance  between  sanpled  region  and  detector 
/</p  ■  interaction  croes-eection  for  photoelectric  effect 
pt  «  areal  density  of  copper  (grams  per  square  centimeter) 

F  «  fluoresoenoe  yield 

The  first  term  in  parentheses  is  the  souroe  flux  in  terns  of  x-re^  per 
second.  It  is  based  on  the  fomula  of  OoDpton  and  Allison^,  and  utilizes 
an  effective  energy  of  the  inooodng  beam. 

The  second  tern  in  parentheses  is  siaply  the  solid  angle  of  the  sanpled 
region  in  the  test  specimen  as  sesn  fren  the  souroe,  nomalized  by  4  (pi) . 
Multiplication  of  the  souroe  strength  by  this  tern  yields  the  nunber  of 
x-rays  per  unit  tine  that  reach  the  saspled  region. 
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The  third  term  contains  the  ia:x±iability  for  {hotoelectric  interaction 
and  ultimate  release  of  a  fluorescent  ocfiper  K'line  photon.  MaLtiplicaticn 
of  this  factor  by  the  previous  terms  yields  the  tot2d  nuttber  of  fluorescent 
uupper  K-line  x-rays  emitted  &tin  the  sanpled  region  per  unit  time. 

The  fourth  term  contains  the  solid  angle  of  the  detectes:  as  seen  from 
the  source,  normalized  by  4  (pi) .  Also  included  is  the  efficioicy  of 
detection  of  these  fluoresoent  x-rays.  This  term  is  the  overall  detection 
efficiency  for  all  the  flxxsresoent  copper  K-line  photons  produced  in  the 
sanpled  region. 

Multiplication  of  the  previous  terms  by  this  factor  yields  the  nonber 
of  fluoresce  x-rays  actually  detected  per  second. 

We  have  made  many  sinplitying  assunptions  oonoeming  average  (or 
effective)  energies,  ignoring  certain  characteristic  lines  present  in  the 
x-ray  anode  ard  other  ccnplicating  factors.  While  these  "conplicating 
factars"  will  Iiave  an  effect  on  the  outoome,  to  the  extent  that  the 
estimate  in  to  be  trusted  (approodnately  a  factor  of  2) ,  the  assunptions 
are  valid. 

For  nominal  values  of  these  va  iables,  the  nuttber  of  photons  per  second 
in  the  detector  is  approdmately  5000  for  a  sanpled  region  of  1  square 
millimeter. 

Ihe  inplications  for  perfomanoe  of  the  system  are  addressed  in  the 
following  subsection. 

3.2.3  Performance  prediction ^or  x-iav  fluorescence 

the  inplication  of  this  result  and  Poisson  statistics  indicate  that  a 
1-second  measurement  on  an  area  of  1  square  millimeter  of  this  treated 
fabric  will  yield  a  measure  of  the  amount  of  oorper  present  to  a  precision 
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of  1.4%.  Ihis  precision  is  inversely  profxirtional  to  the  square  of  the 
sanpled  region.  Thus,  a  sanpla  of  0.25  square  ndllimsters  (0.020  Inches 
square)  wculd  have  a  precision  of  2.8%  If  the  neasurement  is  to  be  made 
within  1  second.  Time  enters  the  equation  for  precision  in  a  similar  way: 
To  double  the  precision,  we  must  quadruple  the  time.  Ihese  relationships 
can  be  sunnarlzed  in  the  following  relation^iip: 

Square-root  (precision)  x  area  x  time  »  constant 
Ihis  generic  equation  is  statistical  (Itoisson) ,  and  is  ipplicable  for  all 
such  systans. 

If  this  measuren^  is  made  over  a  large  area  oont2dnlng  many  threads, 
e.g. ,  25-100  square  millimeters,  discontinuities  in  individual  threads,  in 
thread-to-threed  variations  get  averaged  out.  Of  course,  by  doing  this  we 
edso  lose  the  good  spatial  resolution  inherent  in  going  to  tiie  very  fine 
areal  discrimination.  Oonversely,  if  we  maintain  fine  resolutions,  e.g. , 
0.010  inches  square,  there  is  always  a  question  over  what  region  of  tiie 
thread  was  the  measuronent  made.  Ihus,  a  copper  content  determination  made 
over  a  tiny  ^tial  element  of  fabric  will  t:*  uncertain  as  to  fractional 
ocntent.  If  the  region  included  a  cross-over  between  two  orthogonal 
threads,  then  dw  fraction  of  copper  will  be  lower  than  if  the  mBBsurements 
were  made  ever  a  single  layer  of  thread.  A  method  for  addressing  this 
prablem  of  knowing  where  we  are  is  discussed  in  the  next  section. 

3.2.4  toUcability  ot  tha  tedmiw 

this  x-ray  flixnesoenoe  technique  should  be  particularly  api^icable  In 
several  cases,  but  we  nist  first  solve  the  problen  of  knowing  where  we  are 
ma)dng  the  measurement. 
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We  propose  that  this  be  dkxie  by  a  simultaneous  transmission  measurement 
of  the  san|de.  Evtoi  thou^  the  cloth  is  relatively  tran^arent  to  the  10 
keV  and  hi^ier  energies,  there  will  be  a  flux  high  enou^  to  measure  the 
amount  of  cloth  present  to  a  precision  of  better  tiian  3%.  This  measurement 
on  the  transmitted  beam  can  be  made  simultaneously  w.^th  a 
current-integrating  x-ray  detector. 

The  x-ray  fluorescence  technique  will  be  useful  under  these 
clrcutDStanoes: 

1.  The  detector  must  be  able  to  discriminate  the  fluorescent  x-rays  fixtn 
axTf  badoground. 

2.  There  must  not  be  any  other  hi^-Z  material  present  that  could 
interfere  with  the  measurement. 

3.  The  xnderlying  material  must  be  relatively  transparent  to  the 
fluoresoent  K  radiation.  Otherwise  a  signal  wei^ited  by  depth  in  the 
underlying  material  will  result* 

As  we  disoovered  in  the  testing  phase,  nidcel  szdts  used  to  dissolve 
the  oopper^-quinolinolate  made  this  technique  less  than  perfect  for  this 
application. 

The  x-ray  fluoresoenoe  technique  will  be  relatively  slow  to  inplenent 
on  ary  kind  of  production  basis  unless  ^»rBe  saspling  is  allowed,  or 
unless  averages  over  large  regions  axe  allowed. 

3.3  X-rav  dual  energy  technicfies 

Dual  energy  techniques  were  first  introduced  in  medical  x-ray 
diagnostic  technology  nearly  tv©  decades  ago  (JUdy^) . 

The  essence  of  the  tedvdgue  can  be  explained  in  a  single  paragraph:  A 
test  specimen  is  made  up  of  oonponents  that  have  different  elementad 


19 


ocxiBtitiiaidLes.  These  different  cxarstltuencles  can  be  separated  into  tMO 
groips,  a  high-atcsiLc  mniber  group  and  a  low^taoic  nunfcer  group.  The  zdbn 
of  the  examinaticn  is  to  discriminate  the  amounts  of  natter  in  each  group 
as  a  functicn  of  positicn.  Ihus,  such  a  technique  is  valuable  for 
determining  how  much  bone  mass  (calcium)  is  present  in  a  patient  with 
osteoporosis.  TVro  le-ray  attenuation  measurements  are  made  on  a  single  test 
specimen.  Ihe  two  neasuronents  are  made  at  diffa»it  energies,  one  much 
hic^ier  than  the  other.  Qqjerimentedly,  we  observe  that  the  low  energy  beam 
is  attenuated  to  a  nuch  greater  detent  that  the  high-energy  beam  in  both 
low-Z  and  high-Z  olii|xi  tents,  but  the  high-Z  attenuation  is  far  more 
severe:  The  high-Z  cemponent  has  a  much  higher  oentxast  between  low  and 
high  energies  than  the  low-Z  conponent.  We  use  the  low-Z  oesponent  to 
"normalize"  the  data,  and  the  differential  atteniaition  to  find  the  amount 
of  high-Z  material  present.  Vtien  the  hic^t-energy  and  low-energy  beams  are 
lines,  i.e.,  containing  little  ^lectral  spread,  this  technique  is  referred 
to  as  dhsd  photon  absorptiometry  (CEA) .  A  descripticn  of  ttds  inteinction 
mechanism  is  shown  graphically  in  figure  4,  taken  from  the  Nnd^ 

The  copper  in  the  copper-8-quinolinQlate  is  the  hic^Z  oesponent. 
Everything  else  is  the  low-Z  oonpcnoit.  Analytically,  we  can  work  ttds  out 
following  Word's  derivation.  Word  uses  monoenergetic  sets  of  energies;  we 
have  generalized  the  results  to  include  the  spectrum  of  x-ray  energies  that 
would  emanate  from  an  x-ray  generator.  That  is  the  reason  for  all  the 
integrals  over  energy.  (Note,  in  Nord's  paper  there  is  an  error  in 
fomila  for  the  areal  density  of  the  low-Z  (e)  oesponent.) 
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Transmitted  Intensity  Is  related  to  incident  intensity  e}^»nentially; 


^I  =  Jl(e)de  ■  (eg.  3.3-1) 


uhere>t//a  ■  ganma  attenuation  coefficient 
C  ■  areal  density  of  material 

Ihe  gamna  attenuation  coefficient  is  a  function  of  x-ray  energy  and  the 
elemental  constituency  (atonic  number  —  Z]  of  the  test  specimen.  Ihe  two 
transmission  equations  are: 

x*-  =  ]!,"(£)  a£ 


r"  *  j  I,"  (£)  e  f 


dE 


(eg.  3.3-3) 


Ihe  sigeracripts  L  and  H  indicate  the  two  energies  (lev  and  high)  ever 
which  the  two  transnission  measureraents  are  made.  Ihe  sulaecripts  s  and  b 
denote  the  low-Z  and  high-Z  materials,  respectively.  (Ihe  origin  of  this 


notation  is  in  the  medical  usage:  s  for  soft  tissue,  b  for  bone.) 

The  two  equations  in  two  unknowns,  the  areal  densities  of  the  high-Z 
and  low-Z  oonponents,  can  be  solved  for  those  quantities  directly: 


/«!/(£) 

(T  =  .<n  )/f  t)ln 


(cq.  3. 3-4 ) 


j 


3.3-5) 
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Figure  4.  Graphic  of  it-tay  dual--enezgy  technique  in  the  Battical 
oontesft.  Ihoton  intensity  profiles  illustrating  how  the  ocofutation 
%iOQic8.  Ihe  top  two  traces  show  the  raw  (iata  for  a  typical  scan.  The 
lower  two  traces  siyau  how  the  low-Z  (i.e. ,  soft  tisstM)  effects  can  b 
Gihtracted  away. 


All  Other  quantitities  can  be  derived  or  measured  indapendently. 

(While  the  notation  seens  cunbeiscne,  its  jse  stems  from  the  restrictions 
set  by  the  use  of  the  particular  spreadsheet  which  was  used  in  the 
calculations  described  in  the  next  secticn.) 

Vte  oust  now  determine  sensitivity  of  the  tedmique  to  the  number  of 
photons,  the  ^)ectrum  of  the  x-ray  generator  and  the  sensitivity  of  the 
detector  in  deriving  the  fraction  of  oopper-8-quinolinolate  in  a  small 
region  of  the  textile. 

3.3.1  calculation  of  dual  energy  response 

Ihe  calculation  task  was  broken  into  a  number  of  subtasks,  these 
inclixled: 

% 

Determination  of  an  initial  x-ray  spectrum. 

Modelling  the  textile  including  the  density  variations  of  the  copper-- 
8-<|uinolinolate . 

Itananisslon  calculations  through  the  treated  cloth. 

Calculation  of  detection  efficiency  as  a  function  of  voltages  of  the 
x-ray  generator. 

Calculation  of  the  espected  signal  as  a  function  of  the  amount  of 
copper-S-quinolinolate  relating  to  the  different  voltages  and  the 
sensitivity  of  the  determination  to  errors  in  measurement. 

Multiple  linear  regression  analysis  model  for  the  relationsh^  between 
the  amount  of  ooppez--8-quinolinolate  and  the  measured  quantitities  to 
determine  best  x-ray  energies  (generator  voltages) . 

Performance  predictions. 
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The  entire  calculation  through  the  moltiple  linear  legteesion  analysis 
nodel  was  performed  in  a  scientific  spreadsheet.  These  calculations  were 
done  on  spectral  bins  oorre^xsnding  to  wavelengths  (rather  than  energy  as 
shown  in  the  previous  stisectian)  since  many  of  the  prograns  in  a 
OdimHTTial  package  were  already  set-up  in  that  configuration.  These  files 
veare  maintained  on  a  LGtus-1-2-3  oonpatible  spreadsheet,  and  utilized 
programs  available  form  SdEIKE.WKS  for  x-ray  transmissions. 

The  initial  x-ray  q»ctrum  was  modeled  on  a  tungsten  anode  as  discussed 
in  Gilfrich  and  Birks,^  Birks,^  and  in  Qrlss  and  Blrks^.  The 
spectrum  Included  cantinuum  radiation,  the  K  and  L  lines  of  the  tungfsten 
anode  (as  applicable) ,  and  the  effects  of  the  bexyllivn  window  on  the  x-ray 
tube.  ^)ectra  were  calculated  at  a  nust)er  of  different  voltages.  A  sanple 
is  shown  in  Figure  5. 

The  textile  was  modeled  as  pure  cellulose,  and  the 
ooppeir-8*<|Liinolinolate  was  modeled  exactly.  The  only  variables  vbtb  the 
amounts  of  the  cellulose  and  the  copper-S-ofuinolinolate  that  were  to  be 
measured.  Hass  attenuation  coefficients  for  each  axe  shown  in  Figure  6. 
Vtien  niltiplled  by  the  (-)  areal  density  for  each  oonponent  and 
ejqponentiated,  the  result  is  the  txanaDission  as  shoMi  for  the  oelluloee 
ocuponeait  in  Figure  7  (and  ^town  analytically  in  equation  3.3-1.  The 
fungicide  oocponent  differs  only  slightly  from  full  txansanissiGn,  and  so  it 
is  not  shown  here. 
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FiguxB  5.  Seople  x-ray  apectnn  oaqputed  as  a  function  of  wavelength. 
Ihis  particular  sanple  is  calculated  at  an  anode  voltage  of  43  kv,  with 
a  beam  ta)ce-off  angle  of  20  degrees,  and  aim  thick  beryllixjm 
window.  The  output  is  shown  as  the  logarithm  of  the  nunber  of  photons 
per  second  per  steradian,  per  millian|>  of  emission  current. 
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Figure  €a.  ISie  total  mass  attenuation  coefficient  for  cellulcae 
function  of  energy.  Ihe  ordinate  is  in  units  of  the  ’’niVzho'*  — 
OOP /grant. 
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LOG  (U/P)  (CM-2  G) 
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Figure  6b.  The  total  mass  attenuation  coefficient  for 
ccpper^S-quinolinolate  as  a  function  of  energy.  The  ordinate  is  in 
units  of  the  ••inVrho"— cnr/gram. 
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TRANSMISSION 


TRANSMISSION 

CELLULOSIE  34  mg  cm-2 


Figure  7.  calculated  txansaiission  of  the  cotton  textile  283g  (10  oz.) 
based  cn  a  pure  osllulose  constituency,  on  this  scale,  the  chamge  in 
transBvissicn  due  to  the  copper  is  barely  discernible. 
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Hie  next  step  is  the  calculation  of  hew  nucii  flux  is  actually  seen  by 
the  detector:  the  integrated  x-ray  flux  through  the  modeled  cloth  and 
fungicide.  Hiis  is  done  on  a  bin-fay-bln  (wavelength  or  energy)  basis,  and 
the  result  weighted  by  the  energy  at  that  bin  and  sumned.  '.'bis  is  a 
measure  of  the  total  energy  deposited  in  the  counter  (assuming  100% 
detection  efficient  —  a  good  assunption  in  this  aiergy  interval)  per  unit 
time.  Figure  8  ^lows  the  results  of  such  a  calculation  for  a  particular 
set  of  conditions. 

Hie  resulting  signal  is  shown  in  figure  9  for  a  variety  of  conbinatlons 
of  tube  voltages.  (For  this  particular  set  of  conditions,  the  hi^  voltage 
is  always  ta]oen  as  twice  the  low  voltage.  Hiis  is  not  necessary,  but  for 
ary  practiced  x-ray  hi^  voltage  source,  it  entails  only  using  the  center 
tap  vs.  the  end-taps  on  the  primary  transfonner  winding.)  Hie  highest 
signal,  however,  does  not  necessarily  ijtply  the  greatest  sensitivity  of  the 
response  to  the  two  voltages.  Hie  25/12.5  W  conbination  yields  the 
greatest  signal  of  the  cembinations  tested. 
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Figure  8-  Sanple  output  of  calculation  prograa.  This  yields 
integrated  results  on  the  basis  of  both  photons  and  total  energy 
trans2nitted  through  the  test  specijnen.  The  nontraditional  ByBbtilB, 
e.g. ,  *  II,  arise  because  of  the  limited  character  set  allowed  tjy  the 
Lotus  1-2-3  spreaidbheet  iiput.  This  nontraditional  character  set  is 
fcllowed  unifomly  in  the  text. 
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SIGNAL  VS.  C0PPER-8-QUIN0LIN0LATE 

LOW  TUBE  VOLTAGE  IS  0.5  X  HIGH  VOLTAGE 


□  40  I*  35  O  30  ^25  X  20 


Figure  9.  Gross  signal  predicted  as  a  function  of  amount  of 
ocppe]>3*giiinolinolate  for  various  different  oct±>inations  of  x-ray 
generator  voltages. 
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The  only  question  that  renains  is  the  sensitivity  to  the  accuracy  of 
the  neasureraent.  The  question  of  aocuraqf  is  one  of  hew  nBry  x-ray  photons 
are  actually  beinq  qeiKu:ated  per  unit  time  for  each  of  the  different  x-ray 
generation  voltages  and  configurations;  this  is  statistical  accuracy. 

Thus,  for  instance,  \Aiile  the  25/12.5  ICf  may  yield  the  hi^iest  signal,  it 
nay  not  offer  the  best  slcfie,  i.e. ,  the  best  contrast.  The  amount  of 
signal  present  nay  be  fe^le  OQii|)ared  to  a  different  voltage  eodiibiting 
less  favorable  sensitivity,  e.g. ,  30/15  kV.  (The  analogy  is  in  measuring 
the  thieikness  of  a  piece  of  glass.  If  the  measurement  is  nade  with  visible 
li^,  there's  plenty  of  signal,  but  poor  contrast.  If  the  measurenent  is 
nade  with  UV,  there's  pl^ity  of  oontrast,  but  practically  no  signal.  In 
^ct,  the  best  radiation  with  «hich  to  measure  the  thickness  of  glass  is 
usually  x-rays,  the  energy  being  dependent  on  the  thickness  and  accuracy 
required.) 

As  it  turns  out,  the  best  oembinatien  for  this  series  of  assunptions  is 
20/10  as  shown  by  figure  10.  (Using  any  lower  energies  begins  to 
involve  self-absorption  effects,  and  so  we  have  used  this  energy  as  a 
practical  low-energy  cutoff.) 
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ERROR  (IN  #ig/cm2)  OF  COPPER-8-QUINOL1NOLATE 
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10  20  30  40  50 


HIGH  VOLTAGE  ON  X-RAY  GENERATOR 
(LOW  VOLTAGE  =  1/2  HV) 


Figure  10.  Best  possible  vedues  for  error  in  determination  of  eunount 
of  oqpper  in  micrograms/an^  as  a  function  of  x-ray  generator  voltage. 
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3.3.2  BerfO(nm?ejPtedicl^  for  AmI  eoerciv  technique 

Kiis  Is  peihe^  tba  bzordest  nuniser  to  provide.  Die  reason  is  that 


perfOoanoe  is  critically  dependent  on  an  entire  chain  of  assunptions 
involved  in  system  design.  For  the  system  ocnoeptual  design,  a 
strawman  design  based  on  a  standard  x-ray  diffraction  scuroe  geometry,  ws 
calculated  that  the  nominal  amount  of  copper  in  oopper-S-goinolinolate 
(0.068  vg/aqjam  centimeter)  could  be  determined  to  a  precision  of 
V~0.007,  i.e.,  10%  in  1  second.  The  area  of  the  measurement  is  0.25  nn 
square  (0.010  indi  sc^iare) .  Diis  is  the  same  ord^  of  magnitude  response 
as  the  fluorescence  calculation  yields.  Since  the  dual  energy  technique  is 
so  sensitive  to  the  assunptions,  it  was  decided  to  stop  the  calculations  at 
Hiis  point  and  proceed  with  a  set  of  real  measurements.  Diese  are 
described  in  section  4. 

3.3.3  An^licabil^tv  of  the  techniwe 

Die  techni^  is  well-sunoarized  in  tiie  article  by  Nord.^  Die  great 
advantage  of  the  dual  energy  technique  is  that  it  is  «p|d.icable  over  mudi 
greater  ranges  of  thlcdcnesses  and  effective  atomic  nunbers  of  textiles  and 
treatment  agents.  Dus,  vAille  fluorescence  scattering  measurements  are 
practical  only  for  reasonably  thin  fabrics  and  hl9b~Z  treatments,  dual 
energy  tedmiques  are  practical  over  much  louer-Z  treatments,  and  over  very 
thick  sanples.  (Du2l1  energy  medical  diagnostic  units  find  die  amount  of 
calcium  present  in  the  backbone.  Diis  attenuation  is  very  high;  Indeed, 
the  human  gut  presents  the  most  attenuating  region  for  any  medical  x-ray 
examination.) 

So  pho^borus-based  oexpaunds  could  be  examined  on  thick  leather,  as  an 
exanple.  Indeed,  the  technique  can  be  used  to  examine  distribution  of 
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oopper-tased  preservatives  in  vood  samples,  for  uhldi  a  feasibility 
ejqjeriment  has  alreeK^  begun,  based  cn  the  initial  calculatkais  made  early 
in  the  program. 

Oczpared  to  the  fluraresoenoe,  the  advantage  of  the  dual  oiergy 
technique  is  that  there  are  many  transmitted  x-ray  photons  to  measure, 
rather  than  having  to  dig  out  every  photon  frcra  the  noise.  The 
disadvantage  is  that  these  trananitted  photfjns  nust  be  measured  to  a  very 
hic^  pirecision.  *Ihis  is  seen  in  the  results  of  the  dual  energy 
measurenerrts  in  section  4. 

3.4  Infrared  techniques 

An  alternative  to  x-ray  examination  for  nondestructive  testing  is 
inspection  with  other  wavelength  bands.  One  of  the  nest  attractive  of 
these  banis  is  the  Infrared  (IR)  band.  X-ray  examination  is  cunherscne  by 
standards  other  types  of  in^)ections.  With  x-rays,  there  is  always  a 
radiation  hazard,  the  equipment  is  expensive  relative  to  other  types  of 
inspection,  and  there  is  considerably  more  effort  involved  in  educating 
personnel,  both  fron  usage  and  safety  perspectives.  The  iirportant  a^)ects 
for  sensible  inplenentation  of  IR  are  two-fold:  Ihe  textile  base  oust  have 
an  IR  passHaand,  and  the  oopper^-quinolinolate  nust  have  a  measurable 
absorption  within  the  textile  pass-band. 

Ihe  primary  difference  in  detection  schemes  for  IR  vs.  x-ray  is  In  the 
detection  of  the  organic  quinolinolate  via  IR  vs.  copper  via  x-ray. 

Ihe  disadvantage  in  IR  detection  is  that  every  different  oenbination  of 
base  and  treatment  materials  must  be  examined  for  the  oenbination  of  fabric 
pass-band  and  fungicide  absorption  within  the  pass-band. 

Ihere  are  a  number  of  IR  approaches  that  can  be  applied.  These  are 
disnissfid  in  the  next  section. 


35 


3.4.1  IR  methods  of  acnrooch 


linere  are  a  runfcer  of  sensible  subcategoritt  of  IR  eqpproacii.  Ihey  are 
all  based  on  Fourier  Transfonn  Infrared  (FT~1R)  techniques,  vftiich  are 
disCTJssed  at  length  in  Griffiths  and  de  Uaseth7  and  in  the  aeries  edited 
by  Ferraro  and  Basile^'^.  'Die  techniques  that  fleaned  ^nitful  in  the 
initial  stages  were  in  the  aid-  and  far-in^»red  lands. 

Mid-IR  (5000-500  cdT^)  techniques  include  t.3nfiBiission,  attenuated 
total  reflectance  (XIR) ,  reflecbanoe-abeorbanD  (R-A)  and  diffuse 
reflectance  (DHR) .  Far  IR  (400-50  csT^)  tech.iiques  include  transmission 
and  D-R. 

(A  word  about  units:  Ocmnon  IR  usage  dictates  description  of  the 
energy  in  tems  of  wave  luihers,  vhose  unit  is  inverse  centimeters 
[osT^] .  Ihe  radiation  that  has  this  wave  runber  has  a  wavelength  equal 
to  the  reciprocal  of  the  wave  naober.  Ihus,  the  boundary  between  nid-IR 
and  far-IR,  typically  taken  to  be  500  is  0.002  cm  »  200,000 

Angstrans.) 

Trangnigsicn.  Trana&ission  techniques  are  fairly  straic^itforward.  The 
sanple  is  placed  in  one  leg  of  a  path  of  a  Fourier  transfom  IR 
spectroneter,  and  the  transmission  is  measured  as  a  function  of  wavenmher. 

Attenuated  total  reflectance  (MRl.  ihis  technique  is  a  subgroqp  of 
internal  reflection  spectroscopy.  The  technique  is  based  on  maintaining  an 
interface  between  the  test  specimen  and  a  crystal  of  kncwn  index  of 
refiTtction  and  geometry.  An  Infrared  bean  is  passed  into  one  end  of  the 
crystal  and  makes  its  way  down  the  crystal,  alternately  bouncing  off  the 
crystal/specimen  interface  and  the  crystal/&i^  interface.  Ihe 
characteristics  of  the  cpeciwen  at  the  crystal/qpecinen  interfaoe  determine 
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the  magnitude  of  reflection  and  the  sanpling  depth  on  the  test  qpeciinen  (as 
a  function  of  wave  nuirber) .  MR  is  primarily  a  surface  or  near-surfaoe 
phenonencn.  Ihus,  in  ocnbinaticn  with  a  large  amount  of 
oc{pei>8-qainolinolate  found  in  a  transmission  measurement,  high  MR 
readings  for  the  ftingicide  would  indicate  that  the  materials  were  resident 
on  the  outside  of  the  fabric.  Oonversely,  lew  AIR  readings  would  indicate 
that  the  fungicide  had  been  largely  absorbed. 

Reflectance-Absorbance  fR-A>.  Reflectance-absorbance  measurements  are 
made  at  grazing  incidence.  The  usual  rules  of  electric-field  boundary 
conditions  ^ply.  (See  Goldoi's  article,  "Reflection-Absorption 
Spectrosoepy"  in  Ferraro  and  Basile^) .  Die  angle  of  incidence  is  set 
equed  to  the  angle  of  reflection,  and  absorbance  measurements  are  made. 

Ihe  R-A  technique  does  not  depend  on  a  contact  measurement  as  does  the  AIR 
technique.  R-A  does,  however,  measure  the  same  type  of  surface  effect  as 
does  AIR. 

Diffuse  Reflection  (D-R) .  D-R  measurements  are  specifically  made  under 
cxnlitions  where  the  angle  of  observation  of  the  test  specimen  is 
specifically  not  ecpjal  to  the  angle  of  incidence,  i.e.,  there  is  no 
"reflection"  in  the  D-R  signal.  D-R  is  typically  aocxnplished  at  angles 
far  closer  to  normal  incidence  than  the  R-A  measurements.  Ihe  D-R 
measurements  are  more  difficult  to  interpret  theoretically,  since  they  are 
sensitive  to  a  exmbination  of  scattering,  absorption,  reflection,  and 
Internal  transmissions.  D-R  measurements  result  from  a  cxnbination  of 
surface  and  bulk  effects. 

These  are  the  pacific  techniques  that  could  be  used  to  examine  the 
cxpper-S-qidnolinolate  treated  sasples.  Ihe  response  of  the  fungicide  on 
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an  und^lying  oelluloee  base  cxuld  not  be  reliably  calculated,  cr  ait^ 
subsequent  perfomance  predicted  for  a  system  en|dcying  ET-IR  principles. 

It  turns  cut  that  perfcmnanoe  for  these  tedmiques  could  be  measured 
directly,  and  that  is  exactly  vftiat  we  have  done.  Ihe  experiments  are 
discussed  in  Section  5. 

3.4.2  tePlicabilitv  of  the  IR  technicwes 

If  the  IR  tedmiques  provide  sufficient  data  on  the  fungicide-treated 
fabric,  this  is  clearly  a  more  desirable  inspection  scheme  than  one  based 
on  sprays.  IR  equipment  is  cheaper  and  easier  to  maintain  than  x^ray 
equipment,  pres^its  no  radiation  safety  hazards,  and  typically  scans  nudi 
faster  than  does  an  x-ray  based  systan. 

3.5  Other  technicwes 

Other  techniques  fall  into  two  categories,  direct  approaches  dq>endent 
on  measuring  the  amount  of  copper  or  the  guinolinolate  portion  of  tiie 
oopper-S-quindinolate,  and  indirect  z^proaches  that  measure  a  derived 
materials  property  of  the  treated  textile. 

Insofar  as  direct  measures  are  cxmoemed,  no  other  vevelength  bands 
present  reasonable  inspection  schemes  for  these  textiles  and  the  fungicides 
in  any  contexts  outside  narrow  research  tools.  Itille  Raman  IR  techniques 
were  also  studied,  solidified  forms  of  the  fungicide  would  most  lUoely 
broaden  the  response  bands  to  the  point  of  loss  of  fungicide  identity,  and 
this  approach  was  c^cdcly  abandoned. 

Indirect  measures  would  Include,  for  instance,  measurement  of  intensity 
and  Gpectrum  of  visible  light  transmission,  ultrasonic  wave  attenuation  and 
speed,  and  stress-strain  curves.  Visible  li^  solutions  are  oonplicated 
by  other  factors,  unfortunately,  because  the  intrinsic  variability  of  the 
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base  textile  causes  trEraendcus  variations  in  transmitted  li^t.  An 
ultrasonic  approadi  measures  acoustic  irpedance,  and  thus  could  provide  a 
good  measure  of  the  penetration  of  the  fungicide,  if  there  is  sufficient 
^read  in  the  acoustic  signatures  between  treated  and  untreated  sanples. 

■Hie  ultrasonic  approach,  thou^  indirect,  is  e^jecially  attractive  because 
of  the  possibility  of  aoocnplishing  near  total  inspection  (rather  than 
sanpling)  of  the  fungicide-treated  textile  in  a  production  environment, 
nils  approach  has  been  experimentally  verified  and  is  discussed  in  Section 
8. 

3.6  CtTOlusicns  Of  tl>e  theoretical  investigations 

Ihe  results  of  these  Initial  studies  indicate  that  both  x-ray  and 
infrared  approaches  should  be  investigated  eoperimentally.  Time-scales  for 
measurements  could  be  as  short  as  milliseconds,  and  fine  spatied 
resolutions  are  possible.  It  is  quite  clear  that  the  x~ray  technique 
should  VR>ik,  but  that  the  implementation  would  not  be  easy.  The  IR 
alternative  is  too  attractive  to  ignore.  The  experiments  are  disaissed  in 
sections  4  and  3  for  x-ray  and  IR  techniques,  respectively. 

The  ultrasonic  2$proach,  though  indirect,  also  bears  investigation 
because  the  technique  is  easy  to  inplement  and  because  the  technique  can 
handle  large  volumes  of  inspection.  Section  8  discusses  the  ultrasonic 
approach  in  detail. 

The  results  of  the  calculations  shown  in  section  8  indicated  that 
experimental  verifications  were  necessary.  Since  both  fluorescent  and 
dual-energy  techniques  both  eppeared  to  be  viable  contenders  for 
incorporation  into  a  machine,  we  decided  to  maintain  all  x-ray  approadies 
as  long  as  possible  into  the  program.  X-ray  tests  of  treated  and  untreated 
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cotton  dude  saoooples  were  run  in  three  separate  series  of  tests. 

Sumrarv  of  v^ww  tfigtjs.  ohe  first  set  of  tests  were  ocnducted  for 
feasibility  purposes,  to  see  if  there  was  indeed  any  differential 
absorption  between  treated  and  untreated  sanples.  These  tests  (for  Aial 
Clergy  investigations)  were  ocnducted  at  Arnold  Greene  Testing  laboratories 
(AGTL)  in  Natidc,  MA.  The  AGTL  tests  were  relatively  trivial  to  conduct. 
These  tests  provided  cause  for  cptiiaisa,  but  were  not  conclvisive. 

The  second  set  of  tests  were  perforaed  at  Hologic,  Inc. ,  Kaltiuoa,  MA,  a 
nanufaeburer  of  dual-energy  equipnent  for  Tnedical  diagnostic  purposes.  The 
results  of  these  tests  were  extrenely  enoouraging,  and  a  fined  experiment 
was  designed  and  conducted  in  a  customized  configuration  that  %as 
ocxistxucted  by  Skiametrics  at  HIT.  These  results  yield  quantitative 
measures  of  perf amanoe  for  both  fluorescent  x-^my  and  dual-energy 
x-ray-based  inspection  systems. 

4.1  Initial  feasibility  experiments 

Arnold  Greene  Testing  Laboratories  provides  x-ray  imaging  (on  film)  of 
various  classes  of  test  specimens.  AGIL  x-ray  generators  will  operate  at 
voltages  as  low  as  40  kv.  ftdle  this  was  clearly  much  higher  an  x-ray 
generator  voltage  than  was  desirable,  these  were  the  only  facilities 
available  for  a  quick,  preliminary  test.  Moreover,  the  fUnHaased  tests 
were  not  expected  to  yield  enou^  signal-to-noise  in  the  image  to  actually 
measure  the  amount  of  copper  present  based  on  dual  energy  technkpjes.  This 
test  was  underta)cen,  primarily  to  see  if  the  gross  image  of  the  cloth  could 
be  seen. 

A  test  specimen,  oaiposed  of  pieces  of  fUnglcide-treated  cotton  duck 
and  untreated  duck,  was  prepared  and  a  nuteber  of  contact  x-ray  film  images 
were  of  the  test  specimen  at  40  kV  and  80  Id/,  under  good  radiographic 
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film-raading  conditions  the  individual  threads  could  be  seen  in  both  40  and 
80  W  films,  the  contrast  being  sli^tly  better  in  the  40  W  films,  exactly 
as  eaqpected.  Ihe  data  were  then  digitized  on  a  standard  real-time  closed 
circuit  TV  OCD^aased  film  digitization  system,  and  the  data  plotted  on  a 
pixel-by^ixel  basis.  A  san|>le  of  a  profile  from  a  single  line  of  pixels 
is  in  Figure  11.  Ihe  left  half  of  the  profile  shows  the  intaislty 

across  the  untreated  sanple,  the  ri^it  half  of  the  profile  shows  the 
intensity  across  the  treated  sanple. 

Superposed  on  the  profile  is  an  average  of  the  slope  in  the  region 
inmediately  to  the  left  and  right  of  the  boundary.  Diis  change  over  the 
boundary  shewed  that  a  certain  degree  of  gross  differentiation  between 
treated  and  untreated  sanples  corjld  be  seen,  even  with  film.  The  high 
spatial  freqiiency  peaks  and  valleys  are  consistent  with  the  thread  ^lacings 
on  the  sanple  (21/ca)  •  scale,  the  profile  covers  approximately 

2.5  centimeters  (1  inch)  in  500  pi»^s. 

Thus  while  differential  absorption  could  be  observed,  there  was  not 
enouc^  data  to  yield  either  good  predictions  of  how  such  flux  would  be 
required  nor  the  sensitivity  of  the  technique. 
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Figure  11.  Single  line  profile  of  digitized  filjt  of  x^rey  (40  KV) 
in^  of  Gotten  duck  fabric  sanple.  The  zegicn  to  the  left  is  treated 
%d.th  the  fungicide,  the  region  to  the  right  of  the  center  is 
untreated.  The  qpikes  are  consistent  vi^  the  warp.  large  scale 
structure  is  due  to  unevefYwss  of  the  bean.  Transition  between  treated 
and  untreated  region  is  ocaperable  to  the  nagnitude  of  the  differences 
due  to  warp  spikiM. 
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4.2 


Based  cn  the  results  of  the  ixdtial  test,  w  decided  that  a  dual  energy 
imaging  test  was  e^jfnnijprlate.  An  imaging  test  at  a  spatial  resolution 
consistent  %rith  a  thread  dimension  would  truly  prove  the  technique. 
Unfortunately,  dual  energy  imaging  eq^ipnient  is  usually  not  reedily 
anailable.  Such  a  systan  must  be  designed  and  oonstructed  for  specific 
purposes,  and  the  ^plication  for  that  ^sten  is  usually  narrow.  We  were, 
however,  aware  of  a  system  that  has  good  spatial,  resolution  and  is 
currently  being  used  in  a  medical  context:  an  imaging  bone  densitometer. 

Hologic,  Inc.,  of  waitham,  MA,  is  a  manufacturer  of  medical 
instrumentation  for  measurement  of  bone  density.  Ibis  instrumentation  is 
based  on  dual-energy  x-ray  techniques.  Ihe  Hologic  system  operates  at  70 
and  140  KV,  and  is  excellent  for  finding  the  areed  densi^  of  calcium  to  a 
precision  of  0.5%  or  better  with  spatial,  resolution  of  epproodmately  0.7 
pixel/lim. 

We  elected  to  try  using  the  Hologic  bone  scanner  on  the  treated  and 
untreated  fabric  sanples.  A  single  layer  of  the  doth  produced  no 
significant  differences  in  results  between  the  two.  nils  is  not  surprising 
in  view  of  the  fact  that  the  x-ray  generator  voltages  of  70/140  are  f^ur  too 
hi^  to  detect,  let  alone  measure,  the  amount  of  oepper  present  at  an 
expected  level  of  0.000068  grams/cm^. 

However,  when  the  fabric  was  folded  8  times,  and  the  test  repeated, 
there  was  a  significant  difference.  Treated  and  untreated  sasplCLi  were 
dearly  distinguishable.  Ihis  image  is  shown  in  Figure  12.  This  was  the 
first  time  that  the  dual  energy  tec^'nique  had  been  used  to  make  an  image  in 
high^'Z  in  this  fabric.  Moreover,  the  energy  was  absolutely  inappropriate 
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fbr  making  this  kind  of  measuranent.  Nonetheless,  we  hzKi  an  image  lAiere 
the  ocFper^-guinolinolate  treated  duck  was  clearly  seen,  and  that  image 
was  different  from  the  untreated  section.  This  vss  most  exKXuraging,  emd 
paved  the  way  fbr  the  next  set  of  experiments. 


Figure  12.  The  first  dual  Clergy  image  taken  of  the  two  duck  sanples, 
one  ooppei>8~quinol inolate  i]i|>re^ted,  the  other  untreated.  In  this 
first  test,  even  though  the  energies  were  inz^ropriate  (70  and 
140  M) ,  the  sanples,  folded  8  times  to  enhance  the  effect,  were 
decidedly  different.  A  paper  clip  is  seen  in  each  image.  The  image  to 
the  left  is  sensitive  to  the  high-Z  ocnponaits. 
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NOW  that  the  technique  was  shewn  to  pra3uoe  (admittedLIy  coarse,  at  this 
point)  ftoR  the  x-ray  attenuation  tneasurements,  a  set  of  esqjeriments 
at  appropriate  energies  was  necessary.  Ihese  experiments  rust  acandne  the 


test  qsecimen  with  a  more  realistic  oiergy  probe  and  at  a  finer  spatial 
resolution.  Ihe  results  of  these  experisEnts  shculd  irply  a  set  of 
operating  conditions,  a  measure  of  sensitivity  of  the  technique  to  the 
amount  of  copper  presort,  and  eventually  a  system  design  and  performanoe 
expectation. 

4.3.1  genponents  ana  gghfigmatiao 

Ihe  experiment  required  an  x-ray  source,  a  detector,  a  specimen  holder 
and  a  means  for  repeating  positions  on  the  test  ^»cimen  to  a  precision  of 
10-20%  of  the  effective  spatial  resolution  of  the  system.  An  acceptable 
configuration  was  also  necessary. 

X-rav  souroe.  To  this  end  a  nunfcer  of  adjustable  voltage,  hi^  current 
x-iay  sources  were  investigated.  The  best  x-ray  generators  in  the  energy 
range  of  interest  (below  40  kV,  as  discussed  in  section  3)  are  those  used 
for  x-ray  diffraction  and  fluorescence  studies.  A  source  of  this  type  was 
located  in  KIT's  Center  for  Materials  Scienoe  and  Engineering.  The  source 
utilized  for  these  experiments  is  a  conventional  sealed-tube  GE/Dlano^^^ 
diffractometer  source.  The  source  can  be  operated  at  continuously 
adjustable  voltages  tanging  from  8  K7  to  60  KV  and  at  currents  of  1  and  10 
ndlliairps.  (Higher  currents  are  possible,  but  swanping  effects  in  the 
counter  ruled  them  out  for  these  experiments. }  This  source  was  operated 
with  a  molybdenum  anode  (Z-42)  with  a  beryllium  window.  The  molybd^um 
anode  was  chosen  over  the  conventional  (and  more  efficient  tungsten 


staniard)  because  of  the  ocnplicatlon  of  the  tungsten  L  lines  v^iose 
aiecgies  are  (^te  close  to  the  cciiper  K  edge*  The  tungsten  L>lines 
actually  straddle  the  copper  K  edge  at  9*0  loeV,  the  L~alpha  and  L-beta 
being  at  8.4  and  9.7  KV,  respectively. 

Detector.  Ideally,  these  are  ocunting  esperiinentS/  vAiere  the 
statistical  precision  of  the  measurenerTt  can  be  sharpened  as  long  as  the 
requisite  anount  of  tiioe  is  devoted  to  data  acquisition.  (In  principle, 
current  [i.e.,  integrated  flux]  neasurera^its  can  be  repeated  a  nunber  of 
tines  to  arrive  at  the  sane  precision,  but  the  experinent  is  easier  to  do 
in  a  ocunting  node.  Ihe  weic^iting  for  attenuation  purposes  is  slic^itly 
different  for  the  two  approaches.) 

The  two  detectors  that  are  2pprcpriate  are  either  proportional  counters 
or  scintlllaticn  counters.  Either  of  these  t^pes  of  detectcxrs  provided 
single  photon  ocunting  cspabillty.  Ihe  xenon~carbon  dioxide  proportional 
counter  with  beryllium  window  was  the  best  detector  fbr  these  low  energy 
neasurenents  because  the  effective  cut-off  of  the  detector  was  at  such  a 
lew  energy  —  apprcodnately  2-3  )oeV.  A  2-inch  (51  am)  diameter  side--windcw 
sealed  proportional  counter  (IMD  Model  4546)  was  used  for  titese  purposes. 

Ihe  alternative  of  the  beryllium-windowed  scintillation  counter 
enploying  a  sodium  iodide  crystal  and  photoiultiplier  tul»  (FMT)  does  not 
extend  to  quite  as  low  an  x-ray  energy  as  does  the  proportional  ocunter, 
because  of  the  intrinsic  Icw-lcvel  noise  of  the  FMT.  Even  though  the 
scintillation  ocunter  can  handle  a  much  hicher  ocunting  rate  than  the 
proportional  cxxmter,  and  can  be  used  in  the  current  mode,  for  these 
initial  studies,  the  proportionzd  counter  was  a  better  choice. 
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Test  specimen  egid  readpulatim  fixture.  The  test  specimen  was 


oQnstruc±ed  of  two  strips  of  oqpper  duclc,  one  treated  with 
ocpper-S-qulnollnolate,  the  other  untreated.  These  strips  were  mounted  on 
an  optical  translation  stafge  so  that  various  points  on  the  cloths  could  be 
placed  in  the  path  of  the  x-ray  needle  beam  and  reexamined  to  a  ^atial 
precision  of  0.001  indi  (0.03  rm), 

Oonfiouration.  The  configuration  employed  is  shewn  in  Figure  13.  The 
beam  was  collimated  to  a  pinhole  of  eqpproodmately  0.008  inch  (0.020  cm) , 
the  x-ray  illumination  ^ot  being  confined  to  a  similar  dimension 
proximity  focussing. 

The  distance  xron  source  ^lot  to  pinhole  was  5  hxhes  (125  xm) ,  and 
fxcm  pinhole  to  sanple  0.1  inch  (3  mm) ,  making  for  a  source  unsharpness  of 
0.001  inch  (0.03  sn)  on  the  test  specimen. 

The  detector  was  mounted  2.4  inches  (62  itm)  behind  the  saitple.  For 
various  energies,  an  aluminum  filter  was  setnetimes  used  to  harden  the  beam 
or  cut  the  rate  to  acceptable  limits  for  the  proportional  counter. 

4.3.2  Measurements 

The  ocppei>8-quinolinolate  treated  cotton  duck  sanples  were  measured  in 
transmissions  at  the  energies  shown  in  Table  1.  A  nunber  of  control  points 
were  also  obtained  on  untreated  cotton  duck  and  on  a  copper  foil. 
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Figure  13.  Test  oonfiguraticn  for  dual  energy  experimental 
iirvestlgatians.  Ihe  output  of  the  x-iay  {ooportlonal  oounter  was  fed 
to  a  oonventlonal  preanp/anplifer  and  then  to  a  pulse  height  analyzer 
for  integiaticn  and  analysis. 
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TOBLE  la.  Msasured  Transmlssicn  of  Oc{per-8-(^iinc>llnolate 
Treated  Oobtm  Dude  Sanples. 


posmoN 

l-control 

(unooated  dude) 

2~oontrol 

(uncoated  duck) 

3- oontrol 
(unooated  duck) 

4- CU-8 


5-CU-8 


6-CU-8 


T-ocaitrol 

(0.001  in  Qi-foil) 


8  kV 

10  kv 

0.7071 

0.7766 

0.0014 

0.0014 

0.5764 

0.7319 

0.0012 

0.0011 

0.5781 

0.6385 

0.0012 

0.0017 

0.6549 

0.6972 

0.0013 

0.0019 

0.6947 

0.7367 

0.0013 

0.0019 

0.6421 

0.7426 

0.0020 

0.0019 

0.1577 

0.1788 

0.0005 

0.0008 

20  kV 

30  kV 

0.9732 

0.987 

0.0028 

0.003 

0.9549 

0.975 

0.0027 

0.003 

0.9510 

0.9805 

0.0027 

0.003 

0.9647 

0.982 

0.0027 

0.0028 

0.9610 

0.9848 

0.0020 

0.0028 

0.9558 

0.9829 

0.0020 

0.0028 

0.2372 

0.5100 

0.0022 

0.0018 

NOTES; 

1.  First  three  sanples  are  ccntrols  of  10  oz  (283g)  cotton  duck. 

Sasples  A,  5,  and  6  are  oopper-*8-<]uinolinolate  treated  pieces. 

Sanple  7  is  a  piece  of  0.001  inch  thick  copper  foil  (0.0228  grans/cm^ 
areal  density) . 

2.  Top  nunher  of  eadi  p=iir  is  the  trananission.  lower  number  is 
statistical  precision  of  that  nunher. 

3.  These  measuresaents  were  made  with  a  pinhole  of  diameter  0.008  inches 
(0.20  im) .  For  measurements  in  Table  lb,  pinhole  size  =  0.05  inch  (1.3 
im) . 


TABLE  lb.  Msasured  Transidssions  of  Oopper^8-Quiiiolinolate 


Treated  Gotten 

Duck  Sanples. 

posmoN 

9  kV 

18  kV 

8-oontrDl 

0.782 

0.971 

0.006 

0.006 

9-CU-8 

0.761 

0.965 

0.006 

0.006 
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Ihe  results  and  sensitivities  2u::e  ^icwn  in  Table  2.  Ibe  sain 
cxaiclusion  is  that  very  thin  coatings  of  the  high-Z  ocnponent  can  be 
measured  to  a  precdsion  of  a  10>20%  over  small  regions,  given  enough  time 
to  make  the  measurement.  He  were  limited  in  these  measurements  to  count 
rates  of  a^proodmately  5000  per  second,  but  that  was  only  so  that  we  could 
actually  dsserve  the  ^ectra  as  they  arrived,  consistent  with  the  intent  of 
losing  the  proportional  counter. 

Ihe  most  irksome  problem  is  the  trenoidous  amount  of  precision  required 
in  obtaining  this  result.  Ihese  dual-energy  teohniques  require  a  precisim 
of  cqpproodiiately  1-3  parts  in  1000  or  better  to  yield  good  sensitivity  and 
reasonable  errors  for  measuring  the  hi^-Z  oceponent.  The  problem  arises 
because  of  the  inconstancy  of  x-ray  sources.  Detectors  are  certainly  up  to 
the  task  of  providing  all  the  precision  that  is  required,  and  the  outputs 
can  be  routinely  digitized  and  added  according  to  standard  statisticzd 
rules. 

This  precision  can  be  acocnplished  in  one  of  two  ways:  The  first  is  in 
using  an  x-ray  source  monitor.  This  is  sinply  a  second  detector  that 
monitors  the  unattenuated  beam  at  a  position  just  off-center  fixn  the 
needle-beam  that  is  used  to  examine  the  test  Epecimen.  The  output  of  this 
monitor  detector  is  used  as  a  divlscn:  of  the  output  of  the  specimen 
detector  (skiametric)  so  that  the  net  signal  is  oonpensated  for  source 
variations.  The  second  is  in  using  a  reference  standard  that  is  included 
in  the  machine  and  which  is  used  as  internal  calibration  on  a  time  scale 
that  is  short  ocmpared  to  the  intrinsic  source  drift  time.  (This  second 
scheme  is  eoployed  by  the  Hologic  osteoporosis  system.) 
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TABLE  2 


Ooi^per  Fractions 


posmcN/ 

SAMPLE 

VOLTAGE 

EAIR-kV 

4-CU-8 

10/20 

8/20 

5-CU-8 

10/20 

8/20 

6-CU-8 

10/20 

8/20 

9-CU-8 

9/19 

fPACnCN 

OOFEER 

snemvnY* 

0.002 

0.001 

0.0004/0.001 

0.002 

0.001 

0.0004/0.001 

0.0035 

0.0005 

0.0004/0.001 

0.0040 

0.0005 

0.0004/0.001 

0.0041 

0.0005 

0.0004/0.001 

0.0030 

0.0005 

0.0004/0.001 

0.002 

0.001 

0.0004/0.001 

^Sensitivity  is  defined  as  the  change  in  the  fraction  of  oc{per  loeasured  as 
a  ftmction  of  change  in  measured  transmission.  Tb  the  degree  that  this  is 
measurable,  the  sensitivities  are  identical  for  all  measureaents  at  these 
energies.  Here  higher  voltages  used,  the  sensitivities  would  decrease. 


NOTES: 

1.  Any  calculations  that  used  30  kV  as  one  of  the  pairs  exhibited  very 
little  sensitivity  to  the  amounts  of  ocpper  present. 

2.  The  presence  of  other  high-Z  elenents,  detected  duri:^  the  x-ray 
fluorescence  tests,  nay  have  skewed  these  results  significantly. 


51 


In  ai^  case,  roeasurenents  vdx)6e  pcecision  is  ocmnensurate  with  accuracy 
regiilresaents  for  high-Z  deteminatlcn  can  be  acquired  in  a  data  acquisition 
tine  of  about  a  second  per  sanple.  This  should  translate  directly  to  a 
pxduction  or  research  machine. 

4.3.4  Oopplications 

In  the  course  of  the  fluorescence  neasurenents  described  belov,  it 
became  clear  ^dmo6t  iianediately  ^t  copper  was  not  the  only  hi^Z 
oocpianent  present.  Also  present  were  manganese  and  nickel,  the  latter  in 
an  abundance  oonparable  to  the  copper.  The  nldcel  oocponent  Is 
particularly  distressing  because  it  is  so  close  to  the  copper  on  the 
periodic  table,  and  the  absorption  edges  lie  pcacticully  next  to  one 
another,  at  least  Insofar  as  the  dual  energy  technique  is  concerned  and 
bremsstrahlung  is  the  dominant  form  of  x>ray  energy.  The  proLlea  is  that 
the  technique  cannot  distingui^  the  copper  from  the  nickel;  they  axe  both 
detected  as  "high-Z”.  iXxrther  discrimination  of  these  two  in  u  dual  energy 
mode  needs  a  ccnbination  of  ^ecial  filters  and  the  tse  of  an  x-ray  line 
that  falls  between  the  two  K-edges. 

This  problem  falls  outside  the  original  systm  requiranents.  If  the 
nickel  (or  other  high-Z  ocopcnent)  can  be  isolated,  accounted  for 
independently,  or  (best  of  all)  be  eliminated  frcxn  the  saaple,  then  the 
dual  energy  technique  spears  to  have  great  proaise.  If  the  amount  and 
distribution  of  oontaminants  arw  high,  then  dual  energy  techniques  are  not, 
by  themselves,  appropriate. 
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4.4  Fluoresoent  investigations 


One  final  x-tay  test  cn  the  test  qsciinen  was  run.  Ihis  was  a 
fluoreso^  x>ray  examlnaticn,  and  enployed  the  oonflguiation  shown  in 
Fig.  14.  Ihe  sane  GE^iano  x-ray  source  vMdi  was  used  for  the  dual-energy 
eifperinents  was  used  for  these  fluoresoent  tests.  The  pinhole  was  removed 
and  a  such  larger  area  —  e^sproxinately  0.1  inch  (3  imt)  square  of  the  test 
qaecimen  —  illuminated.  The  detector  used  for  this  e}g3erijiient  was  an 
Qrtec  Silii  detector  operating  at  liquid  nitrogen  tenperature.  SiLi 
detectors  haive  far  better  energy  resolution  than  do  proportional  ccunters, 
although  they  cannot  be  used  at  the  same  x-ray  count  rates  as  can  other 
detectors.  For  fluorescence  feasibility  studies,  however,  solid-state 
detectors  are  excellent,  becatise  they  have  such  good  energy  resolution. 

The  sairples  which  were  examined  were  the  untreated  copper  duck  and  the 
oc|ipez>-8-quinolinolate  treated  sample.  The  untreated  duck  showed  no 
evidence  of  any  high-Z  fluorescxnce  peaks,  accept  for  a  minuscule  arsenic 
peak,  appar^itly  a  oonstituent  of  the  underlying  glass  slide,  at  10.5  KV. 
The  treated  sar'le  shewed  a  large  expper  oenponent,  exactly  as  eaqiected. 
However,  edso  present  in  sample  were  a  nickel  peak,  which  was  present  at 
virtually  the  same  intensity  as  copper,  and  manganese,  vhidi  presented 
one-third  to  one'half  the  copper  intensity. 

Cross-secticxis  for  fluoresoent  interacticxis  are  sufficiently  sinilak.' 
for  the  copper  and  nickel  so  that  the  relative  numbers  of  counts  in  each 
peak  translate  almost  identicxdly  into  relative  elemental  abundances.  The 
implication  is  that  there  is  about  as  mudi  nickel  present  as  there  is 
expper  in  the  samples  examined. 
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SOLID-STATE 

(SILI) 

DETECTOR 


Figi^  14.  Oonfiguraticn  for  x^ray  fluoreaoenoe  iDeasuraments.  The 
solid-state  x-tay  detector  was  cooled  to  liquid  nitrogen  (77  K)  for 
these  loeasuran^its. 
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SubGeqoent  discussions  with  the  revealed  that  the 


oc|f)er-8-giunolinQlate  is  frequently  dissolved  in  a  nicHo^-salt  bath,  and 
that  is  probably  the  origin  of  the  nickel  seen  in  the  fluoresoent 
experiment. 

The  oount  rates  for  these  peaks  fell  in  the  200-300/seoond  vicinity, 
indicating  that  a  measure  of  the  total  amount  of  copper  in  the  sanple  could 
be  gotten  to  a  precision  of  better  than  1C%  in  a  second  ac  less,  even  with 
this  eagierimental  set-up  vdiich  was  not  optimized  for  recovery  of  the 
fluoresoent  flux.  B/  making  an  effort  to  maximize  the  solid  angle  of  the 
detector,  as  seen  from  the  illuminated  area,  the  time  per  measurement  could 
be  decreased  ty  a  factor  of  10  to  100.  Ihus,  a  reasonable  sanple  rate  is 
sonnething  on  the  order  of  10-100  sanples  per  secord  over  regions 
10-100  nin^. 

4.5  Arolicabilitv  of  the  x-rav  technioies:  performance  predictions 

Ihe  dual-enezgy  techniques  will  perform  over  a  greater  variety  of 
thicknesses  of  materials  than  will  Uie  fluoresoait  technique,  and  will  be 
able  to  yield  precisions  of  10%  per  measurement  or  better  in  a  time  scale 
of  approximately  a  second.  Ihis  will  cover  a  region  of  0.010  inches 
(0.25  nn)  square.  If  the  region  of  coverage  is  a  larger  area,  then  the 
inspection  time  will  decrease  in  inverse  proportion  to  the  area.  Thus,  an 
area  of  0.040  inches  square  (1  square  millimeter)  could  be  saxrpled  in 
approodmately  60  milliseconds.  With  ncndnally  available  hardueure  (section 
6} ,  the  practical  limit  of  the  dual  energy  technique  is  probably  about  16 
milliseconds  per  measurement  of  copper  fTactioral  content.  For  monitoring 
purposes,  this  is  eui  ideal  speed,  because  continuous  measurements  can  be 
made  on-line  over  a  region  0.2-0. 4  inches  (5-10  on)  in  linear  ext^  (zdong 
the  direction  of  ootion  of  cloth),  assuming  a  standard  18  inches/seoond 
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(46  cnv/seoond)  travel  rate.  The  dual-energy  technique  dq)encls  on 
Z-sqparation  of  a  higher  Z-<xii|nnent  ftxn  a  lower  Z-oonponent.  If  there  is 
siibstantiad  oontamination  by  unwanted  high-Z  elenents,  then  the  technique 
will  measure  the  sum  of  the  amounts  of  hic^Z  materials. 

The  dual  energy  technique  will  measure  the  relative  presence  of 
elements  with  Z's  as  low  as  11  or  12.  This  measurement  of  relative 
presence  (rather  than  absolute  presence  only)  is  iafnrtant  because  of  the 
spatial  inhanogeneity  of  any  fabric  sample.  Thus,  a  measure 
0.00070  giams/cn^  of  ocpper  over  an  averse  of  many  threads  is  exactly 
vhat  is  eiqpected.  But  the  local  variation  on  a  spatial  scale  ocnparable  to 
or  finer  than  the  spatial  period  of  the  thread  would  yield  quite  a  range  of 
values  around  that  mean,  V2dues  consistent  with  total  penetration  of  the 
ocpper-S-quinolinolate  fungicide  of  the  fabric.  It  is  a  function  of  how 
much  material  is  present  in  the  sampled  region.  A  relative  measure  yields 
the  cppropriate  0.2%  (or  whatever  it  turns  out  to  be)  independent  of  how 
much  of  the  material  hzppens  to  be  in  the  beam.  This  is  a  much  mure 
meaningful  measure  of  how  well  the  afplication  process  is  %parking. 

Ths  fluoresoent  energy  approach  requires  a  much  hic^ier  energy  source 
than  does  the  dual  energy  technique,  hut  this  is  not  a  significant  item 
except  for  greater  radiolc:glcal  safety  oonsiderations  in  the  vlclni^  of 
the  machine.  Flucrescsenoe  measurements  can  be  obtained  at  a  rate  of  lO-lOO 
samples  per  second  over  regions  of  size  10-100  WB?.  Fluoresoenoe 
measurements  can  be  used  for  finding  the  absolute  amount  of  oop|»:,  and  the 
amount  of  copper  relative  to  other  hic^Z  elements.  Fluoresoenoe 
mseasurements  am  be  used  at  the  same  standard  rate  of  18  inches/seoond  (46 
csv/eeoond)  of  textile  travel  in  a  monitoring  mode. 
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The  fluoresoent  energy  approach  will  yield  only  an  absolute  raeasurenent 
and  is  subjec±  to  the  inhanogeneity  fxtcfr  described  edxwe.  Fluoresoence 
techniques  2u:e  nuch  more  likely  to  suooeed  only  where  the  raeasurenent  is 
obtained  over  an  area  oontaiidng  nany  threads. 

Fluoresoenoe  e^iproaches  work  only  where  the  x*>ray  fluorescenoe  energy 
of  the  elesiental  trace  material  (e.g. ,  copper)  in  question  is  calcium 
{7f2Q)  or  hitler. 

The  ccnbination  of  fluoresoenoe  and  dual’-energy  measuranaits  yields 
unanbiguous  fractional  amounts  of  copper  present. 

5.0  EXPERlMEWrAL  VERIFCCmCtl  (TR) 

In  this  section,  we  disaifK  the  detection  of  the  oopper-8-qainolinolate 
(1.0%  by  weight)  on  cotton  duck  339g/in^  (10  oz/yd^)  by  Fourier 
tiansfonn  infrared  (FTIR)  spectroscopy.  In  these  preliminary  studies,  a 
sanple  of  the  treated  and  untreated  fabric  (si^plied  by  technical  monitor) 
have  been  examined  in  the  mid>infrared  (5000-500  cmr^)  by  transmission, 
attenuated  total  reflectance  (MR) ,  reflectancp-absorbance  (R-A) ,  and 
diffuse  reflectance  (D-R) .  A  spectrum  of  a  neat  sanple  of  the  fungicide 
was  also  produced  and  is  presented  here.  Detection  of  the  copper  ocxpcwx) 
in  the  feu:  infrared  region  (400-50  caT^)  was  also  studied  by  transmission 
and  DHl. 

5.1  Exper mental  agoaratus 

All  mid-IR  qiectra  were  recsorded  at  a  resolution  of  8  cnT^  with  a 
Digilab  (Digilab  Division  of  Bio^^,  Casbridge,  MA)  tfodel  FT5-15/90  FTIR 
equipped  with  a  wide  band  nercury-cadmiura-telluride  (HCT)  detector  and 
operated  at  a  moving  mirror  scan  speed  of  1.2  cs/seocnd.  The  source 
eqperture  was  set  to  18  on  and  unattenuated  for  analysis  of  the  fabric.  In 
the  case  of  transmission,  R-A  and  D-R,  the  incident  bean  was  highly 
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attenuated  by  the  sanple,  but  inczeased  an()llfier  gain  allowed  oteervation 
of  the  interferogram.  Single  beam  energy  ^3ectra  for  the  various  sanpling 
inodes  have  been  included  below  and  nay  be  used  to  estimate  the  relative 
throuc^^put.  Ihe  spectra  are  plotted  from  5500-400  transmission 
bandwidtii  of  the  optical  system  without  sanple  (enpty  beam)  and  are  given 
in  Figure  15. 

Studies  in  the  far  IR  were  conducted  with  a  IXLgilab  Model  Fr5-40V  FTIR 

spectrometer  wi'Ui  an  evacuated  optical  bendi,  6  micrtxnEter  mylar  beam 

# 

splitter,  mercury  arc  source  and  tri^yoerine  sulfate  (TSS)  detector.  The 
bandwidth  of  this  spectrometer  is  500-50  cnT^. 

5.2  Transmission 

We  esqpected  that  the  mld-IR  spectrum  of  the  cotton  duck  would  be 
dominated  fay  absorbances  due  to  the  cellulose.  The  structure  of  cellulose 
and  inflection  of  standard  fiectra  indicated,  however,  that  transmission 
windows  might  eidst  below  900  caa"^  throu^  which  the  out-of-plane  bending 
nodes  of  quinoline  mi^  be  observed. 

The  eiperiments  were  carried  out  by  placing  a  piece  of  the  fabric 
sanple  at  the  focus  of  a  3X  beam-oondensing  transmission  optic.  A  circular 
spot  (about  6  nro  in  diameter)  on  the  fabric  was  interrogated. 

In  Figure  15,  a  transmissian  fiectrum  obtained  by  ratio  of  two 
untreated  duck  single-beam  fiectra  (top,  16  scans  oo-added)  is  compared  to 
a  transmission  fiectnmi  produced  by  ratio  of  treated  to  untreated  single 
beams  (bottom,  256  scans  oo-added) .  The  untreateiVtreated  ^ectrum  fiows 
trananission  windows  only  in  the  regions  where  organic  molecules  typically 
do  not  absorb  (l.e.,  around  4400  onT^  and  20<K}-1800  an'^) .  Even  the 
low  frequency  region,  where  the  quinoline  out-of-plane  balding  modes  would 
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Figure  15.  Transnission  ^tedrum  (top  trace)  cblrained  by  ratio  of  two 
untreated  duck,  single-^eam  spectra,  lliis  ratio  establishes  region 
where  sufficient  transmission  exists.  Bottom  trace  shews  ratio  of 
treated  to  untreated  single  beams. 
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be  found,  is  opaque.  The  treateiVuntreated  spectrum  indicates  new 
absojhanoes  in  vhat  sigpeaxs  to  be  the  high-frequency  edge  of  a  peak  around 
3600  caT^,  and  again,  around  1600  csT^.  The  peak  maxima,  however,  ate 
nob  observed  since  they  occur  in  the  opac^  region  of  cellulose 
absoiisanoe.  The  purpose  of  di^laying  ^)ectra  resulting  from  differ^ 
amounts  of  a  signal  averaging  is  to  provide  an  estimate  of  the  noise  level 
at  different  sanpling  times.  The  top  spectrum,  with  16  scans  oo-added  can 
be  collected  in  about  3  seconds,  vhile  the  botton  spectrum,  ihich  resulted 
from  256  scans,  required  about  55  seconds  (this  includes  data  reduction  and 
processing  time,  vhidi  may  account  for  as  such  as  half  of  the  total  time) . 
In  Figure  16,  the  single  beam  speXtOL  obtained  from  an  enpty  sanple  beam 
(top) ,  the  treated  duck  (middle) ,  and  the  untreated  duck  (bottcm)  are 
shewn.  The  bandwidth  for  the  optical  system  is  approximately  5200-480 
caT^. 

5.3  ATR 

Detection  of  the  fungicide  leyer  was  also  attenpted  by  AIR.  In  this 
technique,  the  spectrum  of  surface  films  may  be  obtained  by  placing  the 
sanple  in  contact  with  an  infrared  crystal  of  relatively  high  refractive 
index.  The  IR  beam  is  focussed  on  one  end  of  the  crystal  at  the  proper 
angle  for  total  internal  reflectance.  As  the  beam  travels  down  the 
crystal,  it  reflects  off  the  inner  walls;  at  the  point  of  reflection,  an 
electric  field  is  produced  outside  the  crystal  boundary.  This  field  may 
then  be  absorbed  by  the  contacting  sanple.  Selection  of  the  crystal 
material,  its  length-to-wldth  ratio  and  the  angle  of  incidence  allows  the 
penetration  depth  of  the  external  field  into  the  sanple  and  the  nutober  of 
reflections  to  be  varied.  Both  of  these  factors,  as  well  as  the  vevelength 
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Figure  16.  Single  beam  trananission  spectra  for  enfity  sample  beam 
(top) ,  treated  cotton  duck  (middle) ,  and  untreated  duck  (botton) . 
i^)ectral  resolution  was  8  cm“^. 
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of  the  IR,  affect  the  pathlength  of  the  beam  through  the  sanple  and, 
therefore,  the  observed  abecxbanoe  intensity. 

In  the  ejtperiments  presented  here,  a  6  cm  long  by  3  mi  vdde, 
parallelogram-shaped  KRS-5  crystal  was  used  at  a  45  degree  incident  angle. 
Ihe  resulting  penetration  d^th  is  0.12  x  (wavel^igth)  and  the  nunber  of 
reflections  is  14.  This  yields  a  pathlength  of  about  16  micrometers  at  a 
wavelength  of  5  micrcneters  (saiple  material  was  placed  on  both  sides  of 
the  crystal) .  iwo  1  cm  x  6  cm  strips  of  the  fabric  to  be  analyzed  were 
placed  in  contact  with  the  sides  of  the  KRS-5  crystal.  For  each  q)ectrum, 
2048  scans  were  oo-addod. 

In  Figure  17  the  AIR  spectra  of  the  treated  (top)  and  untreated 
(bottom)  fabric,  ratioed  to  a  blank  crystal  faoe  are  shown.  Both  spectra 
hcnre  the  same  band  patterns  with  the  most  characteristic  abeorbanoe  found 
between  1100-800  cm"^.  This  region  of  the  coated  fabric  spectrum  is 
^xwn  in  more  detail  in  Figure  18. 

The  position  of  these  bands  corresponds  to  a  strong  abeorbanoe  also 
found  in  the  standard  spectra  of  cellulose  (see  Aldrich  Library  of  FTIR 
plectra)  and  may  be  correlated  with  vibrational  modes  of  the  C-O-H 
functionality. 

5.4  R-A  and  D-R 

The  last  set  of  esperiiKstts  ocnducted  in  the  mid-IH  region  was 
detection  of  qjocular  reflectance  or  R-A  and  I>^.  For  the  R-A  data,  a  3X 
beam-condensing  reflectance  optic  was  used  to  focus  the  beam  to  a  u  im 
diameter  spot  on  the  fabric.  For  IHl,  a  sanpling  optic  which  focussed  the 
beam  to  about  a  1  cm  diameter  spot  was  used.  The  standard  spec±rum  of 
oopper-6-quinolinolate  was  obtained  by  placing  the  neat  pcMdered  sanple 
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Figure  17.  AIR  spec±ra  of  the  treated  (tcp)  and  untreated  (bsttom) 
fabric,  ratioed  to  blank  crystal  face. 
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Figure  18.  A  more  detailed  look  at  the  abeorbanoe  pat:tem  in  the 
1100-800  obT^  vravenunber  region. 


64 


(used  as  received  frcm  our  teciinical  monitor,  purified  by 
recxystalllzation)  on  the  germanium  surface  of  an  alundnum-ooated  germanium 
crystal.  Ihis  optical  configuration  allows  transanlssion-li3oe  ^)ectra  (free 
of  ahfiotbanoe  bias)  to  be  obtained  in  a  R-A  sampling  mode  (Gagel  and 
Biemann^®) . 

The  R-A  spectrum  of  untreated  cotton  dude  ratioed  to  untreated  ootten 
dude  is  shewn  in  Figure  19  (top,  16  scans) .  Ihe  opagiie  regions  occur  in 
areas  vAiich  are  similar  but  not  identical  to  those  found  in  the 
transmission  data.  The  most  important  difference  is  in  the  increased 
throughput  in  the  reflectance  mode  observed  in  the  region  frcm 
1600-1400  caT^.  In  the  lower  trace  (256  scans)  of  Figure  19,  the  R-A 
plectrum  obtained  by  ratio  of  the  treated  duck  to  the  untreated  duck  is 
dK3wn.  A  strong  band  of  the  treated  duck  to  the  untreated  duck  is  shewn, 
a  strong  band  at  1573  cm~^  is  observed  in  this  spectrum,  but  is  not 
present  in  the  untreataVuntreated  data  nor  in  any  of  the  spectra  obtained 
by  the  inethods  previously  discussed. 

In  Figure  20,  the  ^lectrum  of  a  neat  sanple  of  oopper-8-quinolinolate 
is  shewn  and  in  Figure  21,  this  standard  ^^ectrum  (upper  trace)  and  the 
treateg/unti^ted  R-A  spectrum  (lower  trace)  are  exmpared  in  the  region 
from  2000-1400  ca"^.  The  absorbance  band  at  exactly  1573  cn“^  is 
detected  in  both  ^)ectra.  In  Figure  22,  the  single  beam  ^)ectra  are  shewn 
for  the  untreated  (top)  and  treated  (botton)  duck. 

The  band  at  1573  cn~^  is  also  observed  when  the  sairple  is  studied  by 
D-R  ^jectrosoopy.  Figure  23  shews  the  treatoVuntreated  (top)  and  single 
beam  (bottom)  D-R  ^)ectra.  Also  observed  in  these  ^jectra  is  a  new  peak  at 
1743  aa"^.  These  ^)ec±ra  are  the  result  of  256  co-added  scans;  clearly, 
good  data  could  be  obtained  with  far  less  signed  averaging. 
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Figure  19.  Heflectanoe-absorbanoe  ^)6ctmro  of  untreated  octton  duc^ 
ratioed  to  untreated  cxstton  duck  (top) .  R^A  qaectnir.  of  ratio  of 
treated  duck  to  untreated  ducdc  is  shown  in  bottcm  trace. 
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Figure  21.  ^pectrtim  of  neat  sanple  of  ooijper*8-qainolijiolate  at  high 
resolution  shown  in  upper  trace.  loMer  trace  shcRrfs  the 
tie&ted-to-untreated  ratio  for  oonparison  in  this  2000-1400  ca” 
band. 
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Figure  22.  Single  beam  reflectanoe-abeorbanoe  ^)ectra  for  untreated 
(top)  and  oopper-8-ouinolinolate  treated  (bottcn)  samples. 
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Figure  23.  Diffuse  reflectemoe  spectrum  of  treate^untreated  sanples 
(top)  and  single  bean  ^>ectrun  (botton) . 
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5.5  Far  IR 


Inorganic  and  organcjmetallic  conpounds  are  known  to  give  rise  to 
absoitoance  bands  in  the  lew  frequency  region,  bands  that  result  from  the 
vibrational  modes  involving  the  metcil  atcan.  Differentiation  of  the  treated 
and  untreated  fabrics  mi^t  be  possible  if  unique  absorbances  due  to  the 
copper  fungicide  cottplex  could  be  cibserved  in  the  far  IR.  In  Figure  24, 
the  single  beam  spectrum  frean  an  enpty  beam  and  the  ratio  of  tv»  empty  beam 
spectra  (the  "hundred  percent  line")  shew  the  transmissicxi  regioi  of  the 
far  IR  spectrometer.  In  Figure  25,  the  infrared  transmission  spectrum  of 
the  neat  cepper  complex,  taken  in  a  nujol  mull  (a  pulverized  paste)  between 
polyethylene  plates  is  given.  From  this  spectrum  it  is  ^parent  that  the 
fungicide  has  absorbance  bands  in  this  region.  Ihis  spectrum  shows  good 
correspondence  with  data  reported  by  (SikaJai,  et  al.^^. 

Attempts  to  obtain  a  transmission  spectrum  of  the  conpound  on  the 
cottcxi  duck  failed.  Throu^:put  was  so  hi^ily  attenuated  that  an 
interferogram  could  not  be  ebserved.  It  mi^t  be  possible  to  detect  the 
transmitted  radiation  with  the  use  of  a  liquid  helium  cooled  InSb  detector 
placed  close  to  the  sample,  but  such  results  would  not  be  available  using 
the  conventional  equipment  described  in  section  5.2. 

Ihe  fabric  sairples  were  found  to  be  reflecting.  Figure  26  shows  the 
single  beam  spectrum  (top)  from  treated  duck  and  the  ratioed  spectrum  of 
treated  to  untreated  duck  (bottom)  obtained  with  a  reflectance  optic,  vhich 
collects  both  specular  and  diffuse  reflectance.  While  the  sample  did 
provide  sufficient  far  IR  throu^put  for  statistically  significant  data  to 
be  collected,  no  absorbance  bands  that  could  be  correlated  with  the 
fungicide  were  detected. 
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Fic^ire  24.  Single^»ara  spectnaa  of  «in  €Bpty  beam  in  the  far  IR  (top) . 
Ratio  of  two  empty  beam  ^»ctra  shewn  in  botton  trace. 
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Figure  25.  IR  transmission  ^jectruni  of  a  neat  sanple  of 
oopper^O-(jnnolinolate  in  a  nujol  ibu?1. 
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Figure  26.  Single  beam  far  IR  spectrun  frcm  treated  duck  (top) ,  and 
ratioed  ^lactrum  of  treated  to  untreated  duck  (bcftton) .  Ihe  response 
is  the  Euzmed  response  of  D-R  and  R-A  slgr£ds. 


5.6  Disaission  of  initial  JR  experiments 


Ocf^per^S-quinolinolate  can  be  detected  cai  ootbon  duck  fiber  by  IR 
abeoibanoe  at  1573  cbi“^.  The  signal  may  be  observed  by  R-A  or  by  D-R 
j^ectroGocpy.  The  fact  that  this  band  is  detected  in  the  reflectance  modes 
but  not  transmission  or  MR  is  probably  due  to  pathlength  considerations. 
For  transmission,  the  pathlength  through  the  cellulose  is  too  long,  vhich 
results  in  mostly  opaque  regions  —  including  the  region  around 
1573  caT^.  In  the  trananission  ^)ectrum  of  treatecVuntreated  (Figure 
15) ,  the  side  of  an  absorbance  band  can  be  seen  at  e^roodmately  1600 
craT^;  this  may  be  due  to  the  peak  at  1573  on”^. 

In  the  ATR  eaqperiment,  no  unique  bands  are  observed  vhich  could  be 
correlated  with  the  fungicide,  even  thou^  CK/er  2000  scans  were  signal 
averaged,  and  the  region  about  1573  ooT^  closely  studied.  The  ^lort 
pathlength  in  the  ATR  experiment  (only  16  mieraneters)  resulted  in 
throu^iput  over  the  entir.**  mid-IR  without  opaque  regions.  The  fact  that 
the  fungicide  is  not  detected  is  interesting  fran  he  per^aective  of 
modeling  the  distribution  of  the  oonpound  on  the  cellulose.  Since  the  MR 
experiment  interrogates  the  sanple  layer  only  to  its  p^ietration  d^Tth,  the 
presence  of  a  surface  layer  atop  the  fabric  should  be  preferentieLLly 
detected  in  the  treated  fabric  plectrum  versus  the  cellulose  bands  (unless 
the  thickness  of  the  layer  is  less  than  the  penetration  dqith  or  the  layer 
ocnponent  is  an  unusually  weak  absorber) .  We  observe  that  the  cellulose 
bands  are  of  rouc^y  the  same  intensily  in  both  untreated  and  treated 
spectra,  and  the  fungicide  is  too  weak  to  be  seen  at  all.  The 
oopper^S-quinolinolate  is  probably  not  a  layer  atop  the  fibers,  but  rather 
the  cellulose  provides  a  matrix  in  vMdi  the  ocnpound  is  trapped.  This 
matrix  model  could  eilso  lead 
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to  dipolar  interacticn  between  the  cellulose  and  oopper-^-quinolinolate, 
tdiich  could  broaden  the  absorbance  bands  of  the  fungicide  \Aysn  observed  is 
situ.  Oonsisbent  with  this  model,  the  ocnpariscn  of  the  R-A  plectrum  and 
the  neat  sasple  qpectrum  (Figure  21)  shows  some  broadaiing. 

In  reflectance  qpectrosaopy  the  pathlength  of  the  incid^  beam  through 
the  sample  is  less  easily  predicted,  but  the  data  ^low  that  the  pathlength 
falls  between  that  of  transmission  (the  thicJoess  of  the  cloth)  and  MR  (16 
micraneters) . 

The  far  IR  studies  provided  no  informtion  vAiich  could  be  used  to 
identic  the  fungicide  treating  on  the  fabric.  Although 
oo{pei>-8-quinDlinolate  has  absorbance  bands  in  the  FIR,  analysis  in  this 
spectral  region  is  ^parently  not  sufficiently  sensitive  to  detect  the 
occpound  jj)  situ  on  the  fabric  by  reflectance  spectroscopy,*  in 
transmission,  the  sample  is  too  highly  scattered  to  allow  good  data 
ooHection. 

5.7  Future  IR  and  potgitial 

Design  of  a  dedicated  nid-IR  absoriaanoe  detector  for  detemining  the 
presence  or  absence  of  the  fungicide  is  feasible,  based  on  the  experiments 
already  performed.  Design  of  a  me  ^od  that  yields  quantitative  information 
on  the  level  of  treating  needs  more  experimentation.  In  particular,  a 
calibrated  set  of  cloths,  treated  to  a  known  amount  would  be  useful  to  test 
the  accuracy  and  reliability  of  the  method.  Experiments  to  aid  the 
selection  of  the  best  optical  configuration  (D-R  vs.  R-A,  angle  of 
incidence  studies,  optimum  qpot  size,  scan  rate,  continuous  analysis 
operation)  would  need  to  be  carried  out.  Ne  have,  however,  conducted 
euperiments  sufficient  to  establish  viability  of  the  technique,  and, 
subject  to  the  reconmended  experiment  below,  we  have  aooonplished  that. 
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E^rovicled  that  the  continuous  motion  o^perimott  works,  we  new  have 
sufficient  o^aerimantal  data  to  pxvide  a  design  of  deteu.1  sufficient  for 
generating  a  nature  Ihase  II  program  plan  and  reliable  cost  estimate. 

One  potential  problem  would  be  irregular  scattering  effects  from  spot 
to  q»t  on  a  textile  fabric.  Ihe  arguments  against  this  possibility  are: 

(1)  Ihe  fabric  is  of  a  regular  weave  and  thus  should  yield  a  similar 
scattering  spectrum  anytAiere  on  the  doth  (down  to  a  certain  spatial 
resolution)  and  (2)  baseline  relative  absorbance  could  be  observed  to 
minimize  any  such  effects.  To  check  this  possibility,  the  R-A  studies 
described  above  were  carried  cut  twice,  on  different  days  using  different 
pieces  of  fabric  from  the  sane  doth.  Basdine  relative  reflectance  at 
1573  aoT^  differed  between  the  two  measurements  by  cnly  1.7%  of  the  total 
re^xnse.  A  sirple  experiment  in  which  the  fabric  is  continuously  moved 
across  the  beam  focus  as  qpectra  are  repeatedly  collected  would 
oondusively  resolve  this  question.  This  experiment  was  undertaken  and  is 
rqnrted  below. 

Use  of  the  oopper-S-guinolinolate  absoihances  in  the  FIR  may  be 
possible  even  though  vejxi  not  detected  in  the  experiments  described 
here.  Further  investigations  require  a  more  sensitive  detector.  Even  if 
tliis  could  be  aoocnplished,  frem  a  practical  standpoint  the  FIR  has  several 
disadvantages  for  use  in  a  dedicated,  on-line  detector.  Sensitivity  in  the 
FIR  is  generally  Icwer  than  that  in  the  mid-infrared  and  because  water 
vapor  absorbs  strongly  over  the  entire  FIR  band,  measurements  are  usually 
made  in  an  evacuated  (about  1  torr  pressure)  sajxpling  oenpartm^.  Another 
disoouiaging  factor  is  that  the  most  sensitive  of  the  FIR  family  of 
detectors  rec^iires  cooling  with  liquid  helium  (oonpared  to  liquid  nitrogen 
or  room  tenpeiature  detectors  in  the  mid-IR) . 
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5.8  OontiiMois  analysis  demonstaration 


Slnoe  the  goal  c£  these  studies  is  to  develop  a  method  to  monitor  the 
quality  of  the  fungicide  treatment  in  the  fabric,  an  experiment  that  mimics 
the  operation  of  an  on-line  infrared  reflectance  detector  was  performed. 

The  configuration  is  shown  in  Figure  27.  A  circular  strip  frcxn  a  piece 
of  treated  fabric  was  fixed  to  the  perimeter  of  a  st^port  disk.  In  two 
regions,  the  oapper-8-qainolinolate  treated  duck  was  removed  and  replaced 
by  sections  of  untreated  cloth.  Next,  the  dl^  was  placed  in  the  sample 
caiparbnent  of  a  Fourier  transfom  ini^rared  ^ectrcxneter;  the  beam  was 
focussed  onto  the  cloth  and  the  di^  was  rotated  by  a  motor  drive  idiile 
reflectance  spectra  were  continuously  collected.  The  pattern  of  thu  ^^oui 
samples  (vhich  were  fixed  to  the  aluminum  disk  using  two-sided  tapa  with 
care  taken  so  that  there  were  no  blank  ^xsts)  is  shown  in  Figure  27.  The 
beam  in  this  analysis  was  first  focussed  on  an  untreated  "refer»)oe'^ 
region,  then,  when  rotated  (counter-clockwise  at  1/20  RRt) ,  treated, 
untreated,  and,  again,  treated  cloth  regions  were  interrogated.  This 
imitates  the  analysis  of  a  fabric  sheet  which  is  defective  by  having  a  spot 
that  has  been  left  untreated. 

The  optical  configuration  for  detection  is  shown  at  the  bottcra  of 
Figure  27.  This  method  is  similar  to  that  used  to  obtain  reflectance 
i^iectra  of  oonpcunds  vhich  have  been  dqnsited  from  a  high  performanoe 
liquid  chroDatograph,  as  described  Gaqel  and  Bianann^.  Eight  scans 
were  oo-^added  before  transforming  each  spectrun,  inplying  a  resolution  time 
of  about  two  seconds.  The  beam  diameter  was  aJ:cut  6  m.  The  untreated 
’’reference"  region  covered  about  a  1  cm  length  of  the  disk  perimeter,  and 
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Fi'^fure  27.  Configuration  for  ocntinuous  analysis  denonstration. 
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the  second  untreated  strip,  representing  the  "amnaly”,  was  afiproodinately 
6  inn  long. 

Figure  28  shews  a  tracing  of  the  baseline  relative  absorbance  at 
1573  ent"^  over  the  30  minute  analysis  period  (one  disk  revolution) . 

Ihese  data  are  characterized  by  zero  absorbance  at  the  beginning  of  the  run 
as  the  reference  region  passes  through  the  beam,  followed  by  a  suddai  rise 
in  aheotbanoe  as  the  first  section  of  treated  duck  is  detected.  Ihe  re^id 
drop  in  absozbanoe  starting  at  about  10  minutes  oorreqponds  to  the 
untreated  ancxnaly  region.  This  is  followed  by  a  return  to  high  absorbance, 
indicating  detection  of  the  second  treated  region,  and  this  high  absorbance 
persists  until  the  disk  ocnpletes  the  revolution  and  returns  to  the 
reference  str^  at  about  29  minutes.  Ihe  small-scale  variations  —  the 
noise  —  is  zwrtually  gulte  small,  on  the  order  of  1%  or  so.  If  the 
magnitude  of  these  variations  is  allowed  to  relax  to  10%,  the  data  time 
oould  be  shortened  by  a  factor  on  the  carder  of  100.  Ihese  scans  oould  be 
collected  in  a  time  of  about  0.25  seconds  per  interrogation  spot.  Thus, 
continuous  cn-line  measurements  of  fabric  traveling  by  at  the  standard  13 
inches  per  second  (46  cm  per  second)  ^»ed  wiuld  yield  quinolinolate 
measurenaaits  to  a  precision  of  10%  and  with  cpatial  roeolutlans  of  about  5 
inches  (13  cm) .  Alternatively,  the  fabric  trav«tl  oould  be  buffe'rxl  so  that 
it  is  stopped  periodically  for  l/%  seoend  to  make  this  measurement  with  a 
finer  spatiaJ.  resolution. 

Figures  29  through  32  show  four  spectra,  taken  at  points  labeled  A-D  on 
Figure  28.  In  Figures  29  and  31  (points  A  and  C  in  Figure  28) ,  the  spectra 
obtained  from  the  untreated  regions  are  shown  to  be  absent  of  the  fungicide 
absorbanoe  at  1573  caT^,  \4iile  the  spectra  in  Figures  30  and  32  (points  B 
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RELATIVE  ABSORBANCE  AT  1573  cm" 


Figure  28.  Relative  absotbanoe  at  1573  an  ^  as  the  test  sp^unens 
Wire  rotated  throu^  the  IR  sarple  beam.  Spectra  were  obtained  at  the 
four  positions  indicated. 
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30 


Figure  29.  ‘Ihe  first  of  the  four  ^»ctra  (A,  B,  D)  taken  at  the 
tii^  in(^cated  cn  Figure  28.  No  etvidenoe  of  the  feature  at 
X573  csT^  is  seen. 
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Figure  30.  ^)ectruin  B,  showing  the  strong  feature  at  157a:ic^. 
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Figure  31.  spectrum  C  in  absorbance.  No  feature  is  seen  at 
1573  ob"^. 
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and  D  in  Figure  28) ,  vhich  are  fixst  the  treated  cloth,  exhibit  this 
characteristic  band. 

!!his  sinple  e}g)eriinent  dencnstrates  hew  an  on~line  reflectance  detector 
can  be  us^  to  monitor  fungicide  treatment  quality.  Ihe  hig^ 
signal-to-^ise  ratio  of  the  ^lectra  obtained  indicates  that  nuch  higher 
fabric  speeds  could  be  used  for  siaple  detection.  Alternatively,  it  may  be 
preferable  to  qx>t  test  fabric  sheets  in  a  nonoontinuous  manner.  Ihe  best 
entoodiment  would  ensure  fungicide  treatment  ocnpllanoe;  optimizing  analysis 
^eed  5s  left  for  future  consideration  (see  Section  7  on  IR  system  design) . 

Also  notable  is  the  relatively  small  noise  and  drift  levels  of  the 
absorfaanoe  signal  throughout  the  run.  Despite  the  crude  method  by  which 
the  sasple  vas  fixed  to  the  sipport,  the  absorbanoe  drift  vaa  only 
of  the  toted  signal.  (This  is  the  large  scale  drift  —  the  actual  noise 
present  in  the  measurement  is  on  the  order  of  It  or  so.)  It  is  lUcely  that 
a  dedicated  device  oould  gr^tly  ispreve  tpon  this  by  ensuring  that  the 
saitple  is  held  flat  (most  likely  Isy  stretching  the  fabric  slightly)  and  by 
passing  the  cloth  throu^  the  beam  in  a  direction  oonsistent  with  the 
weave.  A  system  design  is  shown  in  Section  7. 

6.0  SXgTOI  CESiq<  (X-fflYS) 

According  to  the  results  of  Section  4,  the  experimental  verification, 
there  are  still  two  viable  candidates  for  isplenentation  of  an  x^ray  based 
in^)ection  system.  Both  fluorescenco  and  Am  energy  techniguas  offer 
distinct  advantages  (as  well  as  the  IR  solutions,  a  system  design  for  which 
is  given  in  Section  7) . 
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Ihe  main  acSvantages  of  fluorescence  tedmiques  includle: 

—  one-sicled  inqjecticn 

—  vmanbigucus  determination  of  absolute  hi<^Z  elemental  abundances 
Ths  advantages  of  the  dual-energy  techniques  include: 

—  fine  qpatial  resoluticn  capability 

—  relative  amount  of  high-Z  determination 

—  ability  to  tx>rk  in  very  thick  6an(>les 

—  ability  to  detect  elements  down  to  an  atonic  nunber  of  11  or  12, 

Duch  lower  than  that  allowed  by  fluorescence 

Either  machine  will  probably  be  used  in  a  sanpling  manner.  If  enployed 
in  a  production  oontext.  In  a  research  context,  the  duzd  eiergy  technique 
is  more  useful,  due  to  its  fine  fpatial  resoluticn  capability  in  situations 
involving  inhomogeneous  samples.  I^uiy  fungicides  use  hi^-Z-based 
oocpounds,  e.g. ,  cxpper,  phosphorus,  or  chromium,  and  the  dual-energy 
technique  allows  investigation  of  migration  of  these  ocnpcunds  under  a 
variety  of  cirounstanoes. 

There  is  a  reasonable  basis  for  belief  that  the  dual-energy  technique 
will  ultimately  be  more  versatile  than  the  fluorescence  technique,  even 
though  the  fluoresoenoo  offers  unanhiguity  (as  long  as  a  solid-state 
detector  is  used) .  Indeed,  because  of  the  oonfiguratlon  of  the  basic 
machine,  it  way  be  possible  to  add  the  capacity  to  make  fluoresoenoe 
measurements  (thin  sanples  only)  simltanecusly  with  the  acquisition  of  the 
dual  energy  data. 

6.1  Machine  oonficairation 

The  machine  design  is  based  on  the  Hologic  configuration.  This  system 
is  set  up  so  that  it  can  perform  at  three  preselected  pairs  of  x-ray 
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en^iee.  Ihe  sysben  can  ba  used  to  ncnitor  ocfper  or  other  hi^*>Z 
elements,  and  can  be  used  to  ncnitor  hi^Z  thicknesses  vp  to  and  including 
laalher  and  vnod  blacks,  naterials  vAilch  are  entirely  outside  the  realm  of 
fluorescence  detection.  Ihe  advantage  of  using  t^iis  configuration  is  that 
all  the  design,  integration  and  ioplementation  woric  has  edreer^  been  dais 
and  paid  for.  the  modifications  reqpoired  to  nake  this  naohine  perform  in 
an  energy  regime  i^:prcpriate  for  textiles  and  treated  naterials  are  scall 
occpared  to  the  effort  necessary  to  build  a  nachine  from  first  princ^^es 
and  oonponents. 

The  system  configuration  is  shown  in  Figure  33.  A  oomnercial  ^rstem  is 
shown  in  Figure  34.  A  self  contained  x^iay  source  mounted  beneath  the  test 
sanples  provides  alternating  x-ray  pulses  at  a  preselected  pair  of 
voltages,  e.g. ,  for  oo|per-8-quinolinolate  on  cellulose  this  would  be  a  set 
of  lew  voltages,  e.g. ,  10/20  kV.  The  x-ray  detector  is  mounted  above  the 
test  Gpecimen.  Oontrolled  by  an  internal  oonputer,  the  x-ray  source  and 
detector  move  across  the  test  specimen  in  an  X-Y  raster  pattern.  The  x-ray 
bean  is  extremely  mil  collinated  so  that  only  a  thin  needle-beam  passes 
throuf^  the  test  epecimen.  In  the  path,  as  shewn  in  the  figure,  is  a 
calibration  disk  containing  various  x-n^  absorbing  aaterials.  This 
rapidly  rotating  disk  allows  automatic  measurements  to  be  made  on  aaterials 
identical  to  those  being  measured.  Every  picture  elaaent  is  referenced  to 
these  calibration  materials.  This  calibration  adiane  is  v4iat  allows  tiie 
amount  of  various  elements  to  be  so  well  determined,  relative  to  other 
methods,  ftien  the  x^ray  bean  is  detected  it  contains  infarmation  about  the 
x-ray  absorbing  characteristics  of  both  the  test  specimen  and  the 
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calibration  materials  at  each  of  the  two  eaocitation  energies.  Ihe 
analog-to-digital  ocnverter  digitizes  this  informaticn  and  sends  it  to  the 
oontuter  for  analysis. 

X»rav  acurce. 

The  x^ray  source  is  a  standard  Lohman  Industrial  (nonmedical)  tube  used 
for  fluorosoopic  examinations.  These  tubes  are  rugged,  reliable,  and 
relatively  inexpensive.  The  only  differaxse  c^rer  the  standard 
oonfiguraticn  may  be  an  examination  of  different  glass  envelopes  for  the 
tube.  The  reason  is  that  sane  of  the  lower  energy  x*>ray  flux,  \ihich  may  be 
desirable  for  examination  of  the  thimer  less-attenuating  test  specimens, 
may  be  absorbed  in  a  standard  glass  envelope. 

X-rav  detector 

The  x-ray  detector  is  a  standard  scintillation  detector  utilizing  a 
ocnbinaticn  of  cadmium  tungstate  and  photcoultiplier  (HC) .  This 
oodbination  gives  not  only  the  intrinsic  hi^  dynamic  range  offered  by  the 
more  standard  sodim  iodide/RfT  pair,  but  a  fast  reocTvery  time  (lack  of 
afterglow)  so  that  the  second  of  two  adjacent  absorption  measuresnents  is 
not  poisoned  by  the  results  of  the  first.  The  machine  design  essentially 
puts  all  the  spatial  resolution  into  the  collimaticn  scheme,  aid  the 
detector  need  have  no  spatial  resolution  capability  at  all. 

ffjgferatisn  vh$gl 

The  nain  problems  in  establishit^  dial-energy  absorptiometry  for 
accurate  measurements  of  the  amount  of  specific  oaterials  (i.e. ,  weighted 
by  atonic  nuEfcer  as  described  earlier)  is  the  lack  of  good  x-ray  source 
stability  and  the  polychromatlcity  (resulting  in  variable  beashbardening  — 
change  of  spectral  shape)  of  the  x-ray  beam.  (For  sanples  which  are 
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cptlcally  thin  to  tiie  radiation  being  used  as  the  probe,  this  secxnd  issue 
is  not  as  inpartant.  Oopper-8-quinolinolate  on  cloth  fallF^  into  this 
category.) 

•She.  design  of  the  Hologic  device  inoorporates  an  autonatic  internal 
referenoe  systan,  as  shown  in  Figure  34.  The  calibration  \Aieel  has 
alternating  sections  of  naterials  ocnsisting  of  the  high-Z  and  low-Z 
oonponents,  and  these  materials  are  seamed  between  each  pixel,  in 
oenhination  wi^  the  test  specixnn.  It  is  the  oontimous  calibration  that 
makes  the  system  woxk  so  well. 

Software  and  analysis,  visual  imay^  riispiJiY 

The  systan  contains  a  hi^  resolution  image  display  (1  rn  x  1  nn) 
pixels,  standard  size) ,  an  automatic  analysis  program  to  eliminate 
imprecision  due  to  operate  intervention,  a  full  adjustable 
region-of-interest  (RIE)  so  that  an  individual  test  qscimen  can  always  be 
analyzed  in  the  same  way  using  the  same  ROI.  This  is  necessary  to  achieve 
hi^  precision  in  cases  involving  stepped  treatment  of  a  sanple.  The 
systan  contains  a  "oonpaie"  czpability  allowing  the  eperator  to  review  the 
current  image  alongside  the  image  obt2dned  on  ttte  same  qaecimen  at  a 
prevlcus  time. 

The  software  is  menu-driven,  althcu^  it  need  not  be  operated  in  that 
mode.  The  calibration  and  quality  control  software  can  be  changed  to 
aooonmodate  the  needs  of  thbysmall  sauples  for  nondestructive  testing, 
rather  than  medical  uses. 

All  ran  data  axe  automatically  archived  so  that  should  any  change  be 
made  in  calibraftion  procedure,  the  old  data  can  be  reanalyzed  vi^  the  new 
algorithms. 
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CALIBRATION  WHEEL 


Figure  35.  Sketch  and  photo  of  calibration  wfieel  assembly 
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pgrfgnBeBwe.£faara<?te^ 

Ihe  current  perfonnanoe  characteristic  allows  ^  areal  density  of  the 
high-Z  oonponent  to  be  found  to  a  precisian  of  0.4%.  Ke  expect  that  this 
precisian  will  be  degraded  scnesAiat  (we  estimate  a  factor  of  2-5,  making 
the  precision  1-2%)  as  machine  is  used  for  tiiese  nondestructive  testing 
purposes. 

A  single  saitple  (2f]proodmately  120  x  140  nn,  1  na  pixels)  should  be 
scannable  in  a  time  of  5  minutes.  This  would  yield  a  picture  of  all  the 
copper  along  the  line  of  sight  in  each  of  the  pixels  —  a  distribution  of 
capper  in  area. 

The  distribution  of  copper  as  a  percentage  of  the  total  amount  of 
material  present  requires  another  calculation,  and  this  can  be  acocBnodated 
fay  a  change  of  software  as  well.  The  data  must  be  gathered  in  order  to 
make  Ute  copper  measuranent.  The  precisian  of  the  measurement  of  the  low-Z 
oopponait  oust  also  be  set  (it  will  be  on  the  order  of  the  precision  of  the 
hi^-Z  oonpcnait) ;  ^  percentage  of  ^  hl^Z  oosponent  will  be  sonewhat 
leas  precise  —  something  on  the  order  of  half  as  precise  as  i±ie  e3oBOl\Ae 
value.  The  percentage  figure,  of  course,  is  what's  required  for 
determining  whether  a  given  test  specimen  has  met  its  specification.  (This 
ignores  the  oontaminant  problem  encountered  with  the  nickel.) 

Thin  sanples  can  be  examined  fay  fluorosoonoo  siniltaneously  with  the 
aociuisirion  of  the  dual  energy  data.  This  requires  a  separate  detector  and 
data  channel,  ttiile  the  systea  is  not  currently  set  up  for  these 
functions,  this  capabili^  will  be  examined  during  the  Fhaae  II  piogram. 

The  reason  for  ocnsiderarion  of  this  option  is  that  the  spatial  resolution 
ceqpabllity  has  already  been  included,  and  the  incorporation  of  a 
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fluoresoenoe  detector  viould  be  relatively  easy.  While  we  cannot  guarantee 
that  this  approach  will  be  inplenented  in  the  Ehase  II  systan,  it  can  be 
added  as  an  option  in  Riase  in  oomiercial  ization.  It  certainly  is  very 
sijiple  to  add  a  noninaging  x-ray  fluorescence  detection  schane.  Ihis  wculd 
allow  the  presence  of  gross  amounts  (e.g. ,  1  part  in  lOOO  or  so  of  the 
copper  content)  of  contaminants  (of  differing  Z's)  to  be  identified,  and  to 
ascertain  whsiher  the  dual  energy  measurEroents  had  been  contaminated. 

In  sunnary,  then,  the  following  design  dhanges  are  reguired  to  the 
Hologic  machine: 

1.  Different  set  of  operating  voltages  is  needed.  Hologic  design  can 
be  modified  so  that  three  separate  sets  of  voltages  can  be  progranned 
into  the  system  with  little  redesign. 

2.  Different  calibration  sanples  are  needed.  The  system  design  allows 
stdsstitution  of  various,  different  czdibration  materials  as  necessary. 

3.  Software  modification  would  be  required  to  acocnroodate  these 
chzuiges. 

4.  Possible  incorporation  of  fluarescmit  x-ray  detector  should  be 
considered. 

iBterfagg 

The  interface  itself  is  already  established  and  determined  by  the 
set-up  of  the  Hologic  machine.  For  the  most  part,  this  is  an  operator 
interface,  a  data  interface,  and  a  test  specimen  interface.  The  operator 
interface  has  been  described  primarily  through  the  software  and  menu-driven 
difylay.  The  data  interface  is  a  quantitative  output  in  two  forms:  (l) 
paper  hardcopy  of  already-analyzed  dat':  in  image  format,  and  (2)  magnetic 
media  output  for  both  the  raw  data,  and  the  image  data,  which  are  saved  in 
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a  file  on  an  internal  hard  disk  and  read  out  to  a  standard  S-l/^  ^ 

diskette  for  archival  storage  or  further  processing.  The  test  specijnan 
interface  is  a  siside  bed  «here  the  qyclmen  is  placed.  In  this  machine, 
the  test  specimen  interface  is  identical  to  that  of  a  patient,  m  a 
production  machine,  the  interface  is  mace  similar  to  the  ^qpparatus  shown  in 
the  next  section. 

Other  issues 

Ihis  section  addresses  the  machine  change  issues.  Concurrent  with 
these  matters  is  a  calibration  and  use  program,  which  makes  the  ^sten 
useful  in  the  fungicide/textile  and  other  relevant  NOT  roles.  Ihis  issue 
is  addressed  in  the  Ihaae  II  program  plan,  Appendix  A. 

This  machine  is  to  be  used  in  a  research  role  and  more  in  the  ccnte’.cc 
of  establidiing  correlation  with  the  IH  machine  than  in  a  production  role. 
The  x-rey  machine  could,  however,  be  used  in  that  production  manner. 
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7.0  SYSnM  DESIOI  fIR) 


Ihe  results  of  the  IR  tests  described  in  Section  5  were  sufficiently 
enocuiaging  to  us  that  efforts  were  made  to  pursue  a  design  for  an  iR-based 
system.  Ihe  advantage  of  the  FTIR  system  over  the  original  x-ray  design 
was  a  such  more  r^qpid  scanning  (at  the  e^tpense  of  tiepth  poietraticn  and 
^tial  resolution) ,  a  such  cheaper  isplementation,  and  the  removal  of 
safety  and  envircnnental  ocnoems  so  prevalent  with  the  use  of  x-ray  based 
inspection  equipnent. 

We  have  taten  a  tadc  similar  to  that  enployed  in  the  x-ray  system 
design.  Namely,  we  have  found  a  ocnraercially  available  IR  instrument  and 
adapted  it  for  use  on  this  program.  Ihe  advantage  of  the  selected 
instrument  is  its  versatility:  It  can  be  for  a  variety  of 

different  experimoits,  should  we  wish  to  run  them  during  the  Phase  II 
calibration  phase. 

We've  chosen  a  Michel  son  interfenxneter  design  that  utilizes  a  single 
zming  part,  a  reciprocating  mirror.  There  are  no  slits,  no  gratings  and 
no  conventional  chopper  wheel. 

The  head  of  this  spectrcmeter  will  perfom  identically  to  the 
production  system  design.  The  differenoe  between  this  prototype  and  the 
production  system  of  Phase  III  is  in  the  mechanical  handling  equipment  for 
the  textiles.  (Since  this  is  to  be  a  prototype,  the  method  for 
manipulation  will  be  designed  during  Phase  II,  and  provided  during  Phase 
III.) 

7.1  IR  system  oonflguraticn 

The  IR  tystem  configuration  Is  shown  in  Figure  36.  This  system  is 
based  on  the  same  Instrument  with  vhich  all  the  mid  >IR  band  measurements 
(discussed  in  Section  5)  were  rade,  the  Digil^  Model  Fr5-lS/90  FITR. 
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CLOTH  ROLL 


SIGNAL  OUTPUT 


Figures  36.  IR  syston  oonfiguratien,  ahouing  nedianicnl  approach  f<»r 
locating  and  testing  arbitrary  position  on  textile. 
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Tl'»e  spertrcKTieter  is  shewn  with  a  roll  of  textile  Tnateried,  «.tii(±i  is 
being  sarpled.  These  are  currently  shewn  only  in  schematic  form.  Figure 
37  shews  an  orthogonal  view. 

The  results  of  the  ejqjeriment  indicated  that  either  D-R  or  S-A 
ineasurements  yielded  data  indicative  of  the  amount  of  the  qoinolinolate  at 
or  near  the  surface  of  the  cloth,  A  problem  in  the  sampling  during  the 
eiqperijtent  was  in  the  nonflatness  of  the  sanple  in  the  wheel  arrangement. 
We  believe  that  this  nonflatness  was  responsible  for  the  relatively 
long-term  drift  observed  in  that  experiment,  Fbr  this  reason,  the  textile 
is  shewn  as  being  held  taut  by  spring-loaded  stretching  pins.  This  will 
guarantee  a  flat  surface  (to  the  scede  required  by  this  apparatus)  and 
yield  a  more  uniform  measurement. 

The  spectrometer  consists  of  an  IR  li^t  source,  in  this  case  an  IR 
ceramic  glo/bar  element.  Li^t  frem  the  source  is  collimated,  passed 
through  the  interferometer  and  modulated.  The  modulated  beam  is  directed 
to  the  "saitpling  cempartment” .  Ordinarily,  this  is  a  closed  box  in  a 
laboratory  spectrometer  where  one  places  a  sairple  which  is  to  be  analyzed. 
In  this  case,  hewe'/^er,  the  sartple  oonepartment  is  an  area  adjacent  to  the 
spectroiTveter  body  where  the  IR  beam  contacts  the  stretched  cloth.  The 
reason  that  a  sairple  corpartment  is  necessary  is  that  water  vapor  will 
cdipletely  absorb  signals  in  the  band  of  interest,  or  at  the  very  least, 
yield  misleading  resu.lts.  In  the  sanple  cxsnpartment  shewn  here,  we  sinply 
purge  the  area  with  dry  air  or  dry  nitrogen  so  that  the  water  vapor  factor 
disappe£irs- 


99 


1 


2 


DIRECTION  OF 
MOTION  OF 
SHUTTLE 


) 


O 

2 


( 


) 


®  CLOTH  ROLL  AXES 

(D  STRETCHING  PINS  V 

AXES 


Figure  37.  IR  syston  oonfiguraticjn,  orthcagonal  view. 
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Ihe  sample  ocxpartment  has  a  set  of  ^iherlced  cptlcs  for  focussing  the 
oollimated  beam  onto  the  sample.  The  description  of  the  optical  path  to 
this  point  is  exactly  half-«^  to  the  end.  The  optics  on  the  vay  cut  are 
identical  (by  synroetry)  to  the  ingoing  optical  train:  The  ^herical  optics 
collect  the  reflected  (or  scattered)  signal,  the  sample  beam  and  the 
reference  beam  are  reccnbined  and  sent  to  the  detector.  In  this  case,  the 
detector  is  a  cooled  inercmT-Gadmiunrtelluride  detector. 

(In  our  eo^^riinent,  the  beam  size  is  6  mm;  this  was  achieved  Ijy  use  of 
a  3  power  condensing  lens,  set  in  fixnt  of  the  18  mm  source  aperture.) 

In  this  prototype  system  we  will  move  the  sample.  Vhile  moving  the 
^ectrcmeter  is  attractive  from  a  mechanical  handling  perspective,  the 
optics  in  the  spectrometer  are  very  sensitive  to  even  the  sll^test  of 
vibrations.  For  this  reason,  we  Joeep  the  spectrcmetar  steady  and  move  the 
cloth. 

Performanoe  expectations 

We  e:9ect  that  a  running  average  on  the  doth  can  be  ta]Qmi  at  a  factor 
of  about  100  times  faster  than  the  sample  was  made.  Thus,  measuranaits  can 
be  made  in  l  second  or  less  (0.25  seconds)  per  spot.  This  implies  either 
an  averaging  over  a  moving  spot,  e.g.,  a  strea)c  on  the  doth,  or  a 
start-stop  motion  for  the  doth. 

We  expect  that  the  level  of  precision  of  quinolinolate  present  would  be 
ascertained  to  10%  or  so  by  this  measuranent. 
calibration 

Like  the  x-ray  epproaches,  a  very  careful  cross-calibration  is  required 
between  known  samples  and  the  ranges  for  acceptable  treated-^loth 
performanoe.  Of  course,  this  will  require  repeatjed  samplings  between  the 
x-ray  and  IR  machines. 
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EXiring  the  ocuise  of  this  calibration,  we  will  be  able  to  prcnride  to 
the  the  tools  for  understanding  the  processing  of  these  penetrating 
agents.  A  ratio  of  x*^ray-<o-IR  results  will  yield  a  figure  that  is  a 
measure  of  penetration  of  the  e^plied  agent. 

Interface 

Ihe  interface  is  determined  by  the  existing  Digilab  interface,  nds 
inclines  a  conplete  turnkey  system  that  inoorporabes  an  internal 
miniccpjMter  and  pr^trogranined  sequences.  Digilab  also  supports  high-level 
scientific  languages  such  as  Fortran  and  Pascal.  Primary  operation  is  via 
standard  ke;^x>ard  and  CRT  conbination. 

Data  can  be  stored  in  raw  and  in  processed  fcxm  on  magnetic  tape. 
Individual  spectra  can  be  plotted  on  hardcopy.  Kagnetic  media  are 
particularly  inportant  tear  archiving,  ^lould  any  further  analysis  be 
required. 

Ihe  test  specimen  int^aoe  is  a  sisple  mechanical  driven  stage, 
situated  so  that  different  regions  of  the  specimen  can  be  interrogated  as  a 
function  of  time.  This  arrangenent  will  yield  sanpling  sufficient  to 
determine  whether  various  arrangements  of  the  large-scale  test  qweimen 
machinery  will  wotic. 

8.0  mjEftsowic  DWEgnGftnac  ahd  the  itt  sysipi 

As  discussed  previously,  an  u.ltraaanic  (ITT)  inspection  meaaires  a 
materials  property  that  can  be  interpreted  as  deptii  of  penetration  of  the 
fungicide  into  the  sanple.  Moreever,  if  this  is  done  at  a  nunber  of 
different  ITT  frequencies,  it  may  be  possible  to  obtain  an  inferred  profile 
of  cxncentration  of  the  oopper-8-quinolinolate  throu^  the  fabric. 
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ur  exandnaticns  are  l^lcally  very  fast,  a  ndlllseocnd  usually  being 
more  tbaoi  sufficient  for  a  single  fregiiency.  UP  instrumoitatlon  is  usually 
very  rugged  and  very  ineitpa^ive  ocnpared  to  either  x-ray  or  infrared 
eguipnent. 

8.1  Rationale  for  UT  examination 

While  the  x-ray  and  IR  investigations  have  given  great  cause  for 
cptiinisni,  there  is  one  rare  situation  vAiich  they  may  not  detect.  Diis  case 
ocnoems  sillier  malfeasance,  vhere  the  purveyor  of  the 
funglcide-inpregnated  cloth  has  added  copper  salts  so  that  the  x-ray 
examination  would  yield  the  ri^it  amount  of  ocpper  and  has  also  sprayed 
just  encM^  oopper-S-guinolinolate  on  the  outside  layers  of  the  fabric  to 
pass  the  IR  tests.  Ihis  single  situation  could  leave  the  interior  of  the 
fabric  unprotected  by  the  quinciinolate,  and  still  pass  the  ccnbined  x-ray 
and  IR  tests.  (See  Section  9,  Suninary  of  Results  and  Conclusions,  where 
all  the  different  possibilities  are  addressed.) 

IWo  hints  lead  us  to  believe  that  treated  and  untreated  saitples  would 
have  different  UT  signatures:  Ihe  first  is  the  fact  that  treated  and 
untreated  saitples  feel  different  to  the  touch,  the  oopper-8-quinolinolate 
sections  feeling  much  stiffer/less  soft.  The  second  hint  was  the 
broa.lening  of  the  1573  an~^  quinolinolate  absorption  pea)c5  in  the  IR 
measurements  as  seen  in  the  cotton  dude  sanples  coepared  with  the  neat 
saitples.  This  brxsadoung  is  usually  interpreted  as  a  chemical 
cross-linking.  Thus,  it  seemed  reasonable  that  the  acoustic  signatures  of 
treated  and  untreated  sanples  would  be  different.  Moreover,  if 
quantitative  measures  of  these  acoustic  signatures  were  significantly  and 
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oonslstently  different,  then  analysis  of  the  actual  data  wGuld  yield  the 
l^:acticsnal  amount  of  textile  that  has  been  penetrated  by  the  fungicide. 

8.2  m  experiment 

A  number  of  test  epecimens  were  cut  fixxn  cotton  dude,  boUi  untreated 
and  treated  with  ooppex  8-gainolinolate.  These  were  examined  witii  a 
breadboard  ultrasonic  system  inoorporating  an  Ultran  vranEraltting  and 
receiving  transducer  Hodel  WCST-l.C  operating  at  1  megahertz  in  the  pulse 
txansmisslcn  mode.  The  experimental  ocnflguraticn  is  dx3wn  in  Figure  38. 

Mechanical  pressure  was  applied  from  transmitter  to  receiver  across 
each  test  epecimen  until  no  further  increase  in  acoustic  tzanEnlssion  was 
observed.  No  ooiip>ling  agent  was  enployed  between  the  traneduoer  and  the 
sanple  the  ocupling  was  "dry".  The  fixture  allowed  separate  adjustments 
for  holding  and  pressure  implication,  so  that  independent  alignoent  and 
pressure  adjustments  were  possible. 

8.3  OT  resuits  diMiaginn 

Individual  test  pieces  from  eadi  of  seven  different  sanple  pieces  were 
cut  and  measured  for  transit  tine  onset  (essentially  a  measure  of  sound 
qpeed)  time-position  of  the  peak  (dieperslon  of  the  pulse)  and,  most 
ispoctantly,  tzananission  of  the  signal.  There  was  little  difference  in 
transit  time  onset  or  in  time  position  of  the  peak.  The  tranaolssion 
measurements,  however,  differed  significantly. 

The  transmission  results  for  each  of  these  pieces  is  shown  in 
Figure  39.  There  was  a  clear  differenoe  between  all  the  different  sanple 
pieces.  In  particular,  the  imtreated  segnents  (bleached  and  unbleached) 
had  significantly  less  transmission  than  the  fungicide-treated  saaples. 


104 


CONSTANT 

PRESSURE 


SAMPLE 


ALIGNMENT 

FIXTURE 


TRANSMITTING 
'  TRANSDUCER 

RECEIVING 

TRANSDUCER 


Figure  38.  Ultrasonic  o^jerimental  arrangeaient.  Ihe  aligment  and 
pressure  functions  are  acoonplished  separately,  {pressure  was  increased 
until  no  further  increase  in  transndssicn  was  noted.  All  ineasuren»its 
were  made  at  1  Mlz. 
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In  order  to  verify  that  the  cbeervations  were  not  sinple  flutes,  10 
^jecln^is,  each  of  the  unbleached  and  Cunllate  2174  sanples  were  also 
eseanined  to  oonflna  the  oonsistency  of  the  difference.  These  results  are 
illustrated  in  Figure  40. 

It  is  very  dear  that  the  differences  are  real  and  consistent.  Thus, 
if  a  Epecimen  measurement  were  between  these  tuo  groups,  we  would  tecw 
penetration  to  be  inccnplste.  The  quantitative  degree  of  iixxnplete 
paietration  is  yet  to  be  determined,  but  it  is  dear  that  the  UT 
trananission  node  is  a  sensitive  correlator  of  the  process  (by  virtue  of 
the  large  dispersion  between  sanples  frcn  different  processes  and  the 
narrow  dispersion  betweai  samples  fron  the  sane  process)  and,  hence,  the 
penetration. 

8.4  UT  system  configuration 

Ultrasonic  transducers  are  nanuTactured  in  a  variety  of  differait 
shapes  and  configurations.  In  particular,  UT  transducers  are  available  in 
the  farm  of  constant  {messure  rollers.  Thus,  the  transducer  assotbly  can 
be  oonfigured  to  yield  constant  readings  on  1  nllliseoord  or  finer  tcnporal 
resolution  scales.  If  the  material  speed  is  30  yard^/tainute  (46 
cxv'seoondi) ,  then  the  ^tial  resolution  of  this  measurement  is  about  equal 
to  the  size  of  the  transducer  head  plus  0.2  inches  (0.5  cm) .  If  the  speed 
is  120  yards/minute  (1.8  n^/second) ,  the  qiatial  resolution  is  the 
transducer  head  size  plus  0.7  inches  (1.8  an).  TO  first  order,  then,  the 
spatial  resolution  is  about  an  inch  (2.54  cm).  Indeed,  finer  tenporal 
measuranents  can  be  made,  in  which  case  the  spatial  resolution  is 
correspondingly  finer.  (The  fpatial  resolution  can  be  made  finer  than  the 
transducer  head  size  if  decxinvolution  techniques  are  enployed.)  The  system 
configuration  ooio^  for  rolling  UT  transducers  is  shown  in  Figure  41. 
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Pi^^ure  40.  Ultrasonic  trananission  nsasurooents  of  rany  test  specimens 
within  two  sanple  populations  (ons  unbleached  ootton  ducdc  sanple  for 
control  and  one  Cunilate  2174'«P) .  the  separation  of  the  two 
papulations  is  obvious.  Statistical  data  for  naans  and  standard 
detviations  of  the  two  sasple  distributiorei  are  ihcun.  For  optimised  UT 
transducer  aligment,  the  statistical  spread  within  each  papulation 
will  probably  decrease  even  further.  Inoocplete  penetration  of  the 
fungicide  treatment  process  vnuld  undcubtedly  produce  a  reading  between 
the  two  distributions. 


108 


TRANSMITTING 


Figure  41.  Syston  oonfiguration  ocnoept  far  rolling  UT  transduoers. 
Ihe  neasurenent  can  be  nade  in  e  tioe  of  1  nilliseoondl  during  lAiich 
tijne  the  cloth  has  loved  0.7  inches  or  1.8  on  (1.8  ^/aeocxid) .  The 
spatial  resoluticx)  is  thus  liadted  fay  the  speed  of  the  cloth.  The 
rollers  keep  ooistant  pressure  on  the  fabric.  For  this  type  of  roller 
and  fixture  arranganent,  the  aligment  will  stay  cxxistant  as  long  as 
the  pressure  is  constant. 
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Ur  ^stens  are  currently  avzdlidale  fron  a  variety  of  manufacturers  vdth 
stancSard  readout  and  waveform  recognition  systens.  (XM  costs  for  even  the 
most  80|histicated  systems  are  in  the  $io-20K  range.  The  handling 
equiiment  is  to  be  handled  in  a  manner  similar  to  that  for  the  x-ray  and  IR 
subsystems,  namely  teaming  with  a  Ihase  HI  partner  from  the  textile 
mochinexy  mBnufeK±uring  industry. 

9.0  SWWflpy  Of  RESuurs  mc  cctciijskws 

The  measuranent  of  textile  treatment  uniformity  and  penetration  is  a 
problem  that  has  existed  since  the  earliest  fungicide  treatments  were 
specified  by  the  Amy.  It  is  clear  from  these  studies  that  no  one 
in^iecticn  technique  will  solve  all  problems.  Table  3  shows  all  possible 
situations  and  shows  how  the  three-prong  approach  resolves  all  of  them. 
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TABLE  3.  Possible  Qi-8-QuinolinDlate  Situations/Pesolutlon  by  Inspection 


SnURTICN 

fujorescence 

X-RAY 

(OOPETO) 

DUAL-ENERGY 

X-RAY 

(OOPEfR) 

FTIR 

(QUIN) 

UT 

(TRANS¬ 

MISSION) 

1.0  NO  EmA  COPPER 

1.1  OCMPl£IELf  FEVEIRATING 

OJ-S-QUIKOLniOIAIE 

1.1.1  SUEElCitOT  a?-8-<J 

OK 

CK 

OK 

OK 

1.1.2  INSUFFIdENT 

ION 

ION 

ION 

ION 

1.2  ZNOCNPLEIE  IQlEHttTICN 
OF  07-8-^ 

1.2.1  SUFFIdEm'  CU-8-<J 

ION 

ION 

CK 

ION 

CN  SURFACE  OF  WCK 
1.2.2  XMSUincIEXn’  CU-8'<2 

ION 

ION 

ION 

ION 

CN  SUPfACE  OF  DUCK 

2.0  EmA  OOPE^  ADCXD 

2.1  CU-8-0  OOiPLBIEL^ 

FENEIRATINS 

2.1.1  SUFEldHir  CU--8-<J 

HIGH 

HIGH 

CK 

OK 

2.1.2  INSUFFIdENT  a>-8-Q 

OK 

CK 

ION 

ION 

2.2  CU-8-<l  INOCHPIEIE 
RNEIPmCN 

2.2.1  SUTTIdENT  0U-8-Q 

AT  SURFACE 

OK 

CK 

OK 

ION 

2.2.2  INSUFFIdENT  CU-8-<l 

OK 

OK 

ION 

ION 

AT  SURFACE 

3.0  NICKEL  (CR  OTHER 

HIGH-Z  SAITS) 

OK 

HAD 

Ifiis  matrix  of  tests  can  distinguish  between  all  possible  situations, 
whether  due  to  carelessness  or  sloppy  work  habits  or  actual  and  purpOGCful 
cheating  by  the  vender.  Indeed,  it  would  taJoe  a  well-infcn-iedi  and 
technically  astute  vendor  to  arrange  that  the  different  applications  should 
just  balanoe,  a  situation  just  possible  without  the  use  of  the  ultrasonic 
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testing  ccnpcnoit.  The  ITT  test  effectively  precludes  this  situation  from 
going  undetected. 

The  different  ^fxoaches  can  all  be  used  in  a  production  context,  with 
fabric  speeds  running  between  30>120  yan^minute  (0.46  -  1.8  n/seoond) , 
although  the  san{)ling  schnnes  and  spatial  resolution  available  will  be 
technology  specific. 

Fluorescent  x-rav  tedmicwe  —  Fluoirescent  x-ray  inspection  will  yield 
the  total  aacunt  of  copper  and  other  hi^Z  conponents  present  in  the 
sanple.  Data  acquisition  tine  will  be  about  10  nilliseoonds  per  sanple, 
with  a  spatial  resolution  of  about  an  inch  (2.54  era) .  The  drawback  to  this 
technique  Is  that  it  Is  not  eoctendible  to  thick  materials,  and  that  the 
tcacbional  amount  of  copper  present  in  a  sanple  is  made  through  indirect 
measure  and  careful  calibration. 

mai  pnftTTiy  x-rav  technique  --  Dual  energy  x-ray  inspection  will  yield 
directly  the  total  amount  of  high-Z  (i.e.,  copper)  material  present  and  the 
fractional  amount  of  high-Z  material  relative  to  total  cellulose  (i.e., 
base  cotton  fabric) .  Dual  energy  x-ray  inspectlci  can  be  performed  at  high 
qxttial  resolution,  current  C3^)ablll^  being  0.010  inch  square  (0.25  na 
square) .  The  dual  e.<drgy  x-ray  technique  can  prosoiTt  a  detailed 
high-resolution  high-Z  map  image  of  a  sanple  treated  with  a  ooppexHxaed 
fungicide  or  other  agent  (with  Z  >  12) .  For  use  with  high  spatial 
reeolution  imaging  in  Z,  data  acquisition  time  will  be  about  5  minutes  for 
scan  (research  mode) .  For  use  with  high  speed  production  textile 
machinery,  a  single  measurement  can  be  aoconpliahed  in  less  than  0.02 
seconds.  For  production  machinery  utilizing  cloth  speeds  of  120 
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yeands/inirute  (1.8  nv/secxvicl} ,  the  inplied  ^tial  resolution  is  betueen  1 
and  2  inches  (2.5  and  5.1  cm)  if  the  measurements  are  made  vMle  the  cloth 
is  moving. 

Fourier  transfom  infrared  spectrometry  »  FTZR  methods  uniquely  find 
the  quinolinolate  portion  of  the  ocnpound  and  can  measure  the  quantitative 
presence  (to  a  precision  of  10%)  on  the  surface  of  the  textile.  The 
absorption  feature  at  1573  cm~^  can  be  tuned  directly  and  unanbiguously 
for  the  organic  portion  of  the  ocpper>8-quinollnolate.  This  method  can  be 
utilized  in  a  production  context,  the  sanpling  time  being  0.25  seconds  per 
sanple.  The  inplied  qatial  resolution  in  a  production  mode  for  continuous 
monitoring  purposes  is  4  inches  (10  cm)  or  18  inches  (46  cm)  at  fabric 
^3eeds  of  30  and  120  yards/minute  (0.46  and  1.8  n/seoond)  respectively. 

Ultrasonic  transmission  —  The  ultrasonic  approach  produces  good 
oonelation  of  Knc'vn  sanples.  Differences  in  transmission  between 
differoit  treatc.;^nt6  were  quite  large,  while  separate  specimens  frcn 
identical  treatments  showed  very  small  differenoes.  JJt  promises  rapid  and 
inexpensive  measurements  over  very  large  volumes  of  test  naterial.  A  very 
large  fraction  (and  perhaps  100%)  of  the  total  output  of  a  large  production 
run  can  be  checked  on-line.  The  ^latial  resolution  is  determined  by  the 
sanpling  rate  of  1  millisecond  (including  all  processing  time,  etc.).  At  a 
cloth  production  rate  of  72  indies  (1.8  m)  per  second,  the  implied  spatial 
resolution  is  about  0.5  inches  (1.3  cm)  (including  the  effect  of  the 
transducer  head  size) .  The  only  drawback  to  the  use  of  UT  is  that  it 
produces  an  indirect  measurement,  rather  than  a  ^lecific  sensitivity  to  the 
molecular  structure  or  elemental  occpositicn  of  the  fungicide.  This  is 
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also  a  strengtti:  the  technique  is  veiy  vzduable  because  the  generality  and 
nonspecificity  of  tne  z^proach  nates  it  extendible  to  aiy  other  context 
where  the  materials  properties  are  affected. 

A  OQuhinaticn  of  these  inepeiTticn  technologies  is  the  most  likely 
method  of  guaranteeing  ocmpllanoe  under  all  situations  in  a  prodtuction 
context.  All  technologies  are  useful  in  both  research  and  production 
contexts.  Itoductlcn  systas  designs  are  shown  and  discussed.  A  program 
plan  for  Ihase  II  is  dtoun  in  Appendix  A.  The  tey  elements  of  the  Riase  II 
program  are  deUvered  hardware  for  each  of  the  in^)ecticn  epproaches. 
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AFHKDIX  A;  fflftSE  II  FRDGRm  PLAN 

The  Phase  II  program  plan  is  shown  in  Figure  A-'l.  The  plan  consists  of 
ei^Tteen  ZQajor  tasks  that  are  described  below. 

Task  1:  g^tablifih  Perfipfnnanoe  Iteodrangnts 

The  x-ray  and  IR  laboratory  systaDa  perf onanoe  reguiienents  will  be 
v^fied,  based  on  the  eatperimental  data  and  analysis  aooonplished  on  the 
Phase  I  program.  These  perfocmanoe  regoiroDents  %dll  be  reviewed  with  the 
technical  project  officer  (TFO)  before  prooeeding  with  the  Eysten  designs. 
Task  lA:  Detennine  P>rq»)cticn  Inspection  Reoutreroents 

The  production  textile  ln^)ectlon  systen  perfOrnanoe  requlreoents  will 
be  generated  and  verified  based  on  the  p^rfomanoe  reguiieanents  generated 
in  Task  1  and  on  discussions  with  the  TPO,  and  textile  in^sction 
specialists  identified  by  the  TTO.  Results  fion  the  Phase  I  program  will 
be  taken  into  aooaunt. 

Ttek  2;  Desicni  X-Rav  System 

The  laboratory  x-ray  ^stem  as  described  in  Section  6.0  %dll  be 
designed  in  fUll  detail  to  meet  the  perfornanoe  requirenents  generated  in 
task  1.  This  design  vrill  be  reviewed  with  the  TPO  before  prooeeding  with 
fabrication. 

Task  3?  Pwiqn  m  Sygtm 

The  laboratocy  IR  ^sten  as  described  in  Section  ?  will  be  designed  to 
meet  the  perforoanoe  roiLiireoents  generated  in  Thsk  1.  This  design  will  be 
reviewed  %d.th  the  TFO  before  prooeeding  with  fabrication. 
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Figure  A-1.  Toctile  Inspection  system  Riase  II  Ptxjgrain  KLan 


TagK  Js.  Daiqn  VT 


The  ultrasonic  systen  as  described  in  Section  8  will  be  designed  to 
neet  the  perfatnanoe  leguiranents  generated  in  Task  1.  Ihis  design  will  be 
reviewed  with  IK)  before  proceeding  with  fabrication. 

Task  5;  Modify  Holoaic  Inspection_Svsten> 

A  subcontract  will  be  let  to  Hologic,  Inc.  of  Waltium,  MA  to  modify  one 
of  their  standard  medical  x-xay  systens  in  acoordanoe  with  the  design 
requirements  generated  in  Task  2. 
lask  5A;  Modify  Holoaic  System  Software 

As  part  of  the  subcontract  let  in  Task  4,  Hologic  will  modify  their 
standard  software  to  meet  the  performanoe  requirements  generated  in  Task  2. 


Task  6;  Generate  Acceptance  Test 


The  acceptance  test  procedures  for  both  the  x-ray  and  IR  laboratary 
systems  will  be  generated  to  demonstrate  the  performance  requirements 
established  in  Task  1.  These  acceptance  test  procedures  will  be  reviewed 
with  the  TK>  before  inplementation. 


ftgK  7;  Agpqife]?  IB  ffygtflp 

The  laboratary  IR  system  ooqpoimnts  will  be  procured  and  assenbled  at 
the  principal  investigator's  facility  in  accocdanoe  %rith  the  design 
generated  in  Task  3. 

Task  8;  Asaathle  tTT  Sysfaw 

The  ultrasonic  systai  oonponents  will  be  procured  and  assembled  at  the 
principal  investigator's  facility  In  acoordanoe  %rith  the  design  generated 
in  Task  4. 

Ta^  9:  Generate  Operation  Manuals 

Operations  manuals  %dll  be  written  for  both  the  x-ray  and  IR  laboratary 


systems. 
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10:  Design  Production  m  Svstan 


A  ptroduction  IR  system  will  be  designed  t'>  meet  the  tn^»ctlon 
regulrenents  generated  in  Ta^  lA  based  cn  the  laboratory  system  designed 
in  Task  3.  This  task  will  intenticnally  overlap  with  13  vAiich  brings 
a  Rvtse  III  venture  partner  to  assimilate  his  expertise  into  the  design. 
IteK-U? ,  <aditeratg  K-7^  Sygtqp 

The  laboratory  x-ray  system  will  be  calibrated  at  the  Hologic  facility 
under  the  direction  of  the  pdncipal  investigator  using  calibrated  textile 
saaples  provided  by  the  TEO. 

Task_J.2;_  .Calibrate  the  IR  System 

The  labotatary  IR  system  %dll  be  calibrated  at  the  principal 
investigator's  facility  using  the  textile  sanples  provided  in  Task  11 
above* 

Th^  13:  calibrate  the  UT  System 

The  ur  system  will  be  calibrated  at  the  principal  investigator's 
facility  using  the  textile  sanples  provided  in  11  above. 

Ta^  14;  Establish  a  Phase  III  Venture  Partner 

A  manufacturer  of  textile  machinery  vho  is  willing  and  who  has  the 
requisite  eaqperienoe  will  be  identified*  This  manufacturer  will  produce 
the  mechanical  handling  systems  for  the  textile  inspection  systems  in 
aooordanoe  with  the  design  generated  in  Tasks  8  and  10*  This  task  will  be 
started  early  enou^  to  involve  this  i»nufacturer  in  the  design  process  in 
those  tasks* 
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Ta^  15;  Apoeptanoe  Itest  of  X-Rav  System 


The  laboratory  x^ray  system  %dll  be  eiooe{)tanoe-tested  at  the  Hologic 
facility  using  the  aooeptanoe  test  pxtcedures  generated  in  Ta^  6.  The 
test  results  will  be  revicMed  with  the  TFO  pricnr  to  delivery  of  the  system. 
'nagV  Aooeotanoe  Test  of  IR  System 

The  laboratory  IR  system  %rill  be  aooeptanoe-'bested  at  the  principal 
investigator's  facility  using  the  test  procedores  generated  in  Task  6.  The 
test  results  will  be  reviewed  wild)  the  TEO  prior  to  delivery  of  tiis  syston. 
Task  17;  tooeotanoe  Test  of  UT  System 

The  ultrascnic  system  will  be  acceptance-tested  at  the  principal 
investigator's  facility  using  the  test  procedures  generated  in  Task  6.  The 
test  results  %dll  be  reviewed  with  the  TPO  prior  to  delivery  of  the  tysten. 
Task  18:  Docmentatlon  and  Reports 

Quarterly  technical  progress  reports  and  ncnthly  financial  reports  will 
be  provided  as  reguired  by  the  contract*  A  final  technical  report, 
rqxsrting  on  all  the  work  done  on  the  program,  %illl  be  generated. 

The  scheduling  of  the  tasks  abcTve  is  presented  in  the  program  laster 
schedule,  Figure  A-2.  There  is  sufficient  contingent  time  in  each  taak  to 
oceplete  this  program  comfortably  in  a  24  month  period.  This  Includes  lead 
times  of  all  hardware  exmponents. 
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-17  Aocvptfnc*  Ttfi  UT  SfVt^fn 
-II  Qocumvmviion  I  Rtpofli 


AmWPIX  B:  SYSTEM  HPGRMl  SKFEN  PLMT 
B.l  Rirpose 

Ihe  purpcsse  of  the  systen  program  safety  plan  is  to  guarantee  the 
radiatlcn  safety  of  personnel  during  the  assenfely,  testing,  installation, 
qt>exatian,  and  maintenanoe  and  repedr  of  the  egiilpnent  to  be  pnxvided  in 
Ittase  II  of  this  program. 

B.2  Overall  descrirtion 

Ihe  main  occpcnents  are  all  to  be  purchased  fion  CEH  vendors  and 
modified  and  integrated  into  a  pxtotype  inspec±lQn  system.  Ihe  normal 
hazards  of  nechanical  and  electrical  equipment  apply,  as  %«11  as  the 
possibility  of  aocldental  irradiaition  of  personnel  due  to  x-ray  generating 
equipnent.  It  is  the  radiation  hazard  that  we  address  in  this  plan. 

B,3  Safety  oontrol  and  procedures 
B.3.1  Radiation  safety  officer 

In  this  case,  Dr.  nkul  Burstein,  the  princ^md.  investigator,  is  also 
the  radiatlcn  safety  oontrol  officer.  He  has  hill  re^sonsibility  for  the 
safe  operation  of  the  equ^nent.  Dr.  Burstein  has  over  20  years  of 
esqperienoe  in  the  handling  of  radioactive  sources  and  radiation  generating 
equipment. 

B.3.2  RadiaUm  gaCgty  proortasg 
B.3.2.1  sygtcB  dgjgn 

Safety  for  radiation  generating  equipment  is  normally  designed  into  the 
system  from  the  onset.  Ihus,  good  design  features  include  a  safety 
interlodc  so  that  radiation  generating  equipment  cannot  be  turned  on  unless 
all  portals  are  closed.  Radiatlcn  monitors  may  be  Included  external  to  the 
x-ray  in^iecticn  equipment  so  that  an  aubonatic  alert  of  nearby  personnel 
nay  be  effected. 
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This  system  has  no  radioactive  souioes,  only  sub^^stens  that  contain 
x-ray  generating  equipment  when  energized.  Thus,  the  normal  precautions 
with  regard  to  storing  and  tracking  radioactive  materials  do  not  apply. 
B.3.2.2  System  assetthlv  and  test 

During  this  phase  of  the  program,  mai^  of  the  interlodcs  and  other 
normal  seifeguards  for  \ise  of  the  equipment  in  the  standard  inspection 
facility  are  not  yet  active.  It  is  the  re^sonsiblli^  of  the  safety 
officer  or  his  designated  representative  to  monitor  the  area  for  x-ray 
exposure  of  personnel  every  tine  a  change  is  made  to  the  :^ray  generating 
equipment  or  Its  ancillaxy  configuration  (e.g.,  shielding). 

B.3.2.3  System  operation 

During  system  operation,  the  acceptable  levels  of  monitored  radiation 
in  areas  accessible  to  personnel  will  be  below  the  0.2  vB/Jnaar  level.  This 
is  the  acceptable  BRH  level  for  nonradiation  woiicers,  and  well-below  the 
level  for  radiation  workers  (2  siVTiour) .  We  note  that  the  Hologic  system 
with  its  pencil  beam  approach  already  satisfies  these  requirements,  and  can 
cperate  in  the  open  envirorment  with  no  radiation  danger  to  personnel.  The 
effects  of  scatter  due  to  the  presence  of  the  test  ^)ecijnen  itself  will  be 
minuscule  because  the  textile  is  itself  so  weak  an  absorber.  We  &q)ect 
this  scatter  contribution  to  be  negligible.  It  will,  of  course,  be 
measured. 

B.3.2.4  System  maintenanoe  and  repair 

System  maintenance  sometimes  requires  disabling  the  interlodcs  in  ^rder 
to  test  or  repair  a  oonponent.  In  these  cases,  only  trained  M&R  personnel 
with  proper  radiation  hazards  training  will  be  edlowed  to  service  the 
equipment.  K&R  personnel  who  disable  radiation  safety'  interlodcs  will 
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maintain  active  real-time  rediaticn  monitors  at  all  times  that  the 
generating  equipment  is  c{)ei:ating. 

B.4  System  hazard  analysis 

A  brief  hazard  analysis  will  be  presented  to  the  project  officer  at  the 
end  of  the  radiation  design  tasks* 

B.5  Safety  zwieas 

Safety  reviews  will  be  ociducted  in  ocnourrenoe  with  major  program 
milestones,  e.g.,  assaobly,  calibration,  and  installation. 

B.6  System  safety  data 

Data  froD  all  surveys,  discrepancies  and  other  itens  of  interest  for 
radiation  health  and  monitoring  purposes  will  be  maintained  in  an  active 
file.  These  data  will  be  transmitted  to  the  project  officer  with  required 
progress  reports. 


